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7. ABSTRACT 
High pressure metamorphic rocks in two contrasting geological settings 
have been studied and interpreted. 
Occurrences in exposed high grade gneiss complexes (especially in west 
Norway) have been documented. Petrogenetic interpretations of these rocks have 
involved the integration of field, mineralogical and microstructural observa- 
tions with whole rock and mineral composition data, isotopic age data and 
calculated equilibration temperature and pressure values. Deduced pressure - 
temperature -time paths for both the prograde (subduction related) and retro- 
grade (uplift related) metamorphic stages have been used to establish tectono- 
thermal models for the formation and survival of such high pressure rocks in 
orogenic belts involving collision between continental lithospheric plates. 
Particular emphasis has been placed on interpretation of the chemical, minera- 
logical and tectonic evolution of alpine -type Mg -Cr rich peridotites of deduced 
sub -continental mantle origin. However, it has been shown that high pressure 
mineral asemblages have also developed in original, low pressure, crustal 
protoliths due to the imposition of high lithostatic pressures during transient 
A -type subduction. 
Complementary studies of high pressure assemblages in xenoliths, brought 
up in volatile charged magmas of deep mantle origin, have provided important 
data on the chemical and mineralogical composition of the lower crust and 
uppermost mantle beneath continental cratonic areas. Particular attention has 
been paid to evaluation of the reliability of the application of mineral 
exchange reaction thermometers and barometers to assessment of the pressure - 
temperature conditions for formation, and depths of origin, of the various 
xenolith types. It has been demonstrated that, for the garnet lherzolite 
xenolith suite in the kimberlites of northern Lesotho, earlier pressure - 
temperature estimates purported to indicate a marked thermal perturbation in 
the upper mantle palaeogeotherm are invalid. Instead revised pressure - 
temperature estimates are interpreted to be indicative of only a slightly 
elevated craton margin geotherm, compatible with derivation of the higher 
temperature deformed xenoliths in a thermally convecting asthenosphere beneath 
a ca. 150 kms. thick, thermally conductive, lithosphere. 
A revised, three fold, temperature based classification scheme for the 
formation of high pressure, eclogite facies, mineral assemblages in proposed. 
Low temperature (<550 °C) eclogites have formed in subordinate, fluid deficient, 
rocks associated with blueschists in B -type subduction zones. Medium tempera- 
ture (550- 900 °C) eclogites have been stabilised in tectonically thickened 
continental crust sequences in A -type subduction zones. High temperature 
( >900 °C) eclogites and associated garnet lherzolites, as witnessed as xenoliths 
in kimberlites, have equilibrated in the upper mantle. 
2. LIST OF PUBLICATIONS SUBMITTED 
These publications have been subdivided into three groups according to 
their content and the location of the rock samples involved in the research 
work undertaken. 
A. Papers concerned with high pressure metamorphic rocks from the Basal 
Gneiss Region of Western Norway 
1. D.A. CARSWELL (1968) 
"Picritic magma- residual dunite relationships in garnet peridotite at 
Kalskaret near Tafjord, south Norway" 
Contrib. Mineral. Petrol. 19, 97 -124. 
2. D.A. CARSWELL (1968) 
"Possible primary upper mantle peridotite in Norwegian Basal Gneiss" 
Lithos, 1, 322 -355. 
3. D.A. CARSWELL (1973) 
"The age and status of the Basal Gneiss Complex of north -west Southern 
Norway" 
Norsk Geol. Tidsskr. 53, 65 -78. 
4. D.A. CARSWELL (1973) 
"Garnet pyroxenite lens within Ugelvik layered garnet peridotite" 
Earth Planet. Sci. Letters 20, 347 -352. 
5. D.A. CARSWELL (1974) 
"Comparative equilibration temperatures and pressures of garnet lherzo- 
lites in Norwegian gneisses and in kimberlites" 
Lithos 3, 113 -121. 
6. D.A. CARSWELL, C.D. CURTIS and R. KANARIS -SOTIRIOU (1974) 
"Vein metasomatism in peridotite at Kalskaret near Tafjord, South Norway" 
J. Petrology 15, 3893 -402. 
7. R. KANARIS- SOTIRIOU, F.G.F. GIBB, D.A. CARSWELL and C.D. CURTIS (1978) 
"Trace- element distribution and ore formation in vein- metasomatised 
peridotites at Kalskaret, near Tafjord, South Norway. 
Contrib. Mineral. Petrol. 67, 289 -295. 
8. D.A. CARSWELL and F.G.F. GIBB (1980) 
"The equilibration conditions and petrogenesis of European crustal garnet 
lherzolites." 
Lithos 13, 19 -29. 
9. D.A. CARSWELL (1981) 
"Clarification of the petrology and occurrence of garnet lherzolites, 
garnet websterites and eclogite in the vicinity of Rodhaugen, 
Almklovdalen, West Norway" 
Norsk Geol. Tidsskr. 61, 249 -260. 
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10. S.J. CUTHBERT, M.A. HARVEY and D.A. CARSWELL (1983) 
"A tectonic model for the metamorphic evolution of the Basal Gneiss 
Complex, Western South Norway" 
J. Metam. Geol. 1, 63 -90. 
11. D.A. CARSWELL, M.A. HARVEY and A. AL- SAMMAN (1983) 
"The petrogenesis of contrasting Fe -Ti amd Mg -Cr garnet peridotite types 
in the high grade Gneiss Complex of Western Norway" 
Bull. Mineral. 106, 727 -750. 
12. W.L. GRIFFIN and D.A. CARSWELL (1985) 
"In -situ metamorphism of Norwegian Eclogites: An example" 
In: The Caledonide Orogen - Scandinavia and Related Areas. D.G. Gee 
and B.A. Sturt (eds), John Wiley & Sons. 
13. D.A. CARSWELL, E.J. KROGH and W.L. GRIFFIN (1985) 
"Norwegian orthopyroxene eclogites: calcualted equilibration conditions 
and petrogenetic implications" 
In: the Caledonide Orogen - Scandinavia and Related AReas. D.G. Gee 
and B.A. Sturt (eds), John Wiley and Sons. 
14. D.A. CARSWELL and M.A. HARVEY (1985) 
"The intrusive history and tectonometamorphic evolution of the Basal 
Gneiss Complex in the Moldefjord area, West Norway" 
In: The Caledonide Orogen - Scandinavia and Related Areas. D.G. Gee 
and B.A. Sturt (eds), John Wiley & Sons. 
15. D.A. CARSWELL (1986) 
"The metamorphic evolution of Mg -Cr type Norwegian garnet peridotites" 
Lithos 19, 279 -297. 
B. Papers concerned with xenolith samples brought up in mantle derived 
magmas 
16. D.A. CARSWELL and J.B. DAWSON (1970) 
"Garnet peridotite xenoliths in South African kimberlite pipes and their 
petrogenesis" 
Contrib. Mineral. Petrol. 25, 163 -184. 
17. R.H. MITCHELL, D.A. CARSWELL and A.O. BRUNFELT (1973) 
"Mineralogy and rare earth geochemistry of an ilmenite -clinopyroxene 
xenolith from Monastery Mine" 
In: Lesotho Kimberlites, P.H. Nixon (ed), Lesotho National Development 
Corporation. 
18. D.A. CARSWELL (1975) 
"Primary and secondary phlogopites and clinopyroxenes in garnet lherzo- 
lite xenoliths" 
Physics Chem. Earth. 9, 145 -157. 
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19. R.H. MITCHELL and D.A. CARSWELL (1976) 
"Lanthanum, samarium and ytterbium abundances in some southern African 
garnet:, lherzolites" 
Earth Planet. Sci. Letters 31, 175 -178. 
20. D.B. CLARKE and D.A. CARSWELL (1977) 
"Green garnets from the Newlands Kimberlite, Cape Province, South Africa" 
Earth Planet. Sci. Letters 34, 30 -38. 
21. D.A. CARSWELL 
"Palaeogeotherms: 
xenoliths" 
Nature 276, 737. 
Implications of disequilibrium in garnet lherzolite 
22. W.L. GRIFFIN, D.A. CARSWELL and P.H. NIXON (1978) 
"Lower- crustal granulites and eclogites from Lesotho, Southern Africa" 
Proc. 2nd Int. Kimberlite Conf. Vol.2, 59 -86. Amer. Geophys. Union. 
23. D.A. CARSWELL, D.B. CLARKE and R.H. MITCHELL (1978) 
"The petrology and geochemistry of ultramafic xenoliths from Pipe 200, 
Northern Lesotho" 
Proc. 2nd Int. Kimberlite Conf. Vol.2, 127 -144. Amer. Geophys. Union. 
24. D.A. CARSWELL (1980) 
"Mantle derived lherzolite nodules associated with kimberlite, carbon - 
atite and basalt magmatism: A review" 
Lithos 13, 121 -138. 
25. D.A. CARSWELL and C.M. RICE (1980) 
"The uranium content of garnet iherzolite xenoliths in kimberlites" 
Mineral. Mag. 43, 689 -693. 
26. J.S. DELANEY, J.V. SMITH, D.A. CARSWELL and J.B. DAWSON (1980) 
"Chemistry of micas from kimberlites and xenoliths - II. Primary and 
secondary textured micas from peridotite xenoliths" 
Geo. et Cosmochim. Acta 44, 857 -872. 
27. R.H. MITCHELL, D.A. CARSWELL and D.B. CLARKE (1980) 
"Geological implications and validity of calculated equilibration 
conditions for ultramafic xenoliths from the Pipe 200 kimberlite, 
northern Lesotho" 
Contrib. Mineral. Petrol. 72, 205 -217. 
28. D.A. CARSWELL and F.G.F. GIBB (1980) 
"Geothermometry of garnet iherzolite nodules with special reference to 
those from the kimberlites of northern Lesotho" 
Contrib. Mineral. Petrol. 74, 403 -416. 
29. D.A. CARSWELL and W.L. GRIFFIN (1981) 
"Calculation of equilibration conditions for garnet granulite and garnet 
websterite nodules in African kimberlite pipes" 
Tschermaks Min. Petr. Mitt. 28, 229 -244. 
30. D.A. CARSWELL, J.B. DAWSON and F.G.F. GIBB (1981) 
"Equilibration conditions of upper mantle eclogites: implications for 
kyanite bearing and diamondiferous varieties" 
Mineral. Mag. 44, 79 -89. 
31. D.A. CARSWELL, W.L. GRIFFIN and P. KRESTEN (1984) 
"Peridotite nodules from the Ngopetsoeu and Lipelaneng kimberlites, 
Lesotho: A crustal or mantle origin" 
In: Kimberlites II: The Mantle and Crust -Mantle Relationships. J. 
Kornprobst (ed), Elsevier, 229 -243. 
32. D.A. CARSWELL, W.L. GRIFFIN and P. KRESTEN (1984) 
"Peridotite nodules from the Ngopetsoeu and Lipelaneng kimberlites, 
Lesotho: A crustal or mantle origin - Appendix" 
Am. Sci. Univ. Clermont -Fd. U. 74, 167 -178. 
33. D.A. CARSWELL and F.G.F. GIBB (1987) 
"Evaluation of mineral thermometers and barometers applicable to garnet 
lherzolite assemblages" 
Contrib. Mineral. Petrol. 95, 499 -511. 
34. D.A. CARSWELL and F.G.F. GIBB (1987) 
"Garnet lherzolite xenoliths in the kimberlites of northern Lesotho: 
revised P -T equilibration conditions and upper mantle palaeogeotherm" 
Contrib. Mineral. Petrol. 97, 473 -487. 
C. General papers or papers based on high pressure metamorphic rocks from 
other geological settings 
35. D.E. de S. JAYAWARDENA and D.A. CARSWELL (1976) 
"The geochemistry of charnockites and their constituent ferro -magnesian 
minerals from the Precambrian of South East Sri Lanka (Ceylon)" 
Mineral. Mag. 40, 541 -554. 
36. H.G. SCHARBERT and D.A. CARSWELL (1983) 
"Petrology of garnet -clinopyroxene rocks in a granulite facies environ- 
ment, Bohemian Massif of Lower Austria. 
Bull. Mineral. 106, 761 -774. 
37. D.A. CARSWELL and S.J. CUTHBERT (1986) 
"Eclogite facies metamorohism in the Lower Continental Crust" 
In: the Nature of the Lower Continental Crust. J.B. Dawson, D.A. 
Carswell, J. Hall and K.H. Wedepohl (eds). Geol. Soc. Special Publ. 24, 
193 -209. 
STATEMENT AS REQUIRED BY REGULATION 1.1.4, ON THE EXTENT OF THE 
CONTRIBUTION MADE TO PAPERS WITH JOINT AUTHORSHIP 
For papers in which authorship was shared with others, the extent of 
involvement and contribution was as follows: 
Paper (6) Largely responsible as first author, but analytical data by R. 
Kanaris -Sotiriou and some interpretative input also by C.D. 
Curtis 
(7) A truely joint effort, with R. Kanaris -Sotiriou largely 
responsible for final assembly of the paper. 
(8) Almost entirely responsible for the content of this paper. 
F.G.F. Gibb contributed through assistance with the develop- 
ment of the pressure- temperature calculation program employed. 
(10) This paper was put together on a collaborative basis with two 
of my research students. I was pleased to put their names in 
front in recognition of their efforts. 
(11) Totally responsible for writing this paper. Only a minor data 
input from two of my research students. 
(12) A joint effort in terms of analytical data input but the paper 
mostly written by W.L. Griffin. 
(13) A joint effort in terms of input of mineral analyses but wholly 
responsible for the calculation of the P -T estimates and wrote 
most of the paper as first author. 
(14) Wrote this paper but some input of whole rock analytical data 
and isotopic age data from one of my research students. 
(16) Xenolith samples supplied by J.B. Dawson but wholly responsible 
for the analytical data and for the content of the paper. 
(17) Contribution limited to electron microprobe mineral analyses of 
the ilmenite -clinopyroxene xenolith. 
(19) Contribution limited to supply of samples and background 
information. 
(20) Analyses of the green garnets by D.B. Clarke but the responsi- 
bility for writing the paper and for the interpretation was 
jointly shared. 
(22) This paper was a truly joint effort with W.L. Griffin. The 
role of P.H. Nixon was restricted to the provision of many of 
the samples studied. Responsible for the whole rock analytical 
data and for acquiring the modal composition data and the 
density measurements. The paper was in fact written jointly 
with W.L. Griffin on an island retreat in the Stockholm 
archipelago. 
(23) Responsible as first author for the co- ordination of this 
research work with two North American collaborators and for 
writing the final paper. R.H. Mitchell played only a minor 
role, but D.B. Clarke was responsible for most of the mineral 
composition data. 
(25) Responsible for writing this paper, incorporating analytical 
data by C.M. Rice. 
(26) Contribution limited to the supply of some of the analysed 
samples and to certain aspects of the interpretation. 
(27) Contribution largely restricted to the calculation and inter- 
pretation of the P -T estimates for these xenoliths. 
(28) Largely responsible for the paper content as first author. 
F.G.F. Gibb assisted with the development of the Nodmins 2 
calculation program and with data presentation in the paper. 
(29) More or less entirely responsible for the content of this 
paper. 
(30) More or less totally responsible as first author for the 
content of the paper, the analytical data and the calculation 
of the equilibration conditions. 
Responsible for co- ordinating this research work with two 
collaborators in Scandinavia. Responsible as first author for 
most of the content of the paper, for the whole rock chemistry 
and for the P -T estimates and interpretation thereof. Mineral 
composition data by the two co- authors. 
Acted as principal author and largely responsible for the 
content of both of these papers. F.G.F. Gibb contributed 
through assisting with the development of the Nodmins 3 
calculation program used for calculation of the P -T values, and 
also advised on presentation of both papers. 
(35) Played a major part in writing this paper based on analytical 
data by a research student. 
(36) Analytical data entirely by H.G. Scharbert but played a major 
role in the calculation of the P -T estimates and in the 
interpretation. 
(37) Largely responsible for the content of this paper as first 
author, but a significant contribution made by my research 
student towards the geotectonic model diagram. 
(31) , (32) 
(33) , (34) 
I hereby certify that the above is an accurate record of the extent of my 
involvement in those papers submitted which have co- authorship. This indicates 
that I have made a substantial contribution to their scientific content in 
almost all cases. 
I also certify that none of the papers submitted here have been submitted 
previously for any other degree; although the scientific data and interpreta- 
tions contained in the first two papers listed reflect, to a substantial 
extent, the content of my earlier Ph.D. thesis. 
D. A. CARSWELL 
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4. REVIEW OF TFIE RESEARCH FINDINGS CONTAINED IN THE SUBMITTED PUBLICATIONS 
A. Papers concerned with high pressure metamorphic rocks from the Basal 
Gneiss Complex of western Norway 
Papers (1) and (2) are concerned with the geochemical characteristics and 
upper mantle petrogenesis of garnetiferous peridotite assemblages preserved 
within the west Norway alpine -type peridotite bodies. These early papers arose 
largely from my Ph.D. research work. 
Paper (4) reported the discovery of a coarse -grained orthopyroxenite lens 
within the garnetiferous peridotites at the Ugelvik locality on OtrOy. This 
provides important evidence for the exsolution of garnet from an earlier highly 
aluminous orthopyroxene phase. Chemical analyses of both the bulk rock and 
bulk mineral separates from this rock were reported in this early paper, with 
more detailed electron microprobe analyses of the host and exsolved mineral 
phases added in a later paper (15). Corroborative evidence for the interpreta- 
tion, outlined in the synoptic paper (15), that the high pressure garnetiferous 
peridotite assemblages in these peridotite bodies were predated by an earlier 
high temperature (lower pressure) assemblage with olivine + aluminous pyroxenes 
± spinel ± amphibole, was provided by data for a rock sample from the Sandvika 
locality on Gursk$y, as documented in paper (11). This further sample demon- 
strates development of garnet as coronas around earlier pleonaste spinel as 
well as garnet exsolution from early aluminous orthopyroxene. 
Papers (6) and (7) detailed the major and trace element profiles across a 
mineralogically zoned metasomatic vein in one of the west Norway peridotite 
bodies. The zoned sequence was interpreted to represent the result of incom- 
plete reaction of the peridotite with a fluid phase introduced along a fracture 
from the surrounding country rocks under amphibolite facies metamorphic 
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conditions. It was demonstrated that local equilibrium was maintained at 
mineral zone interfaces between the introduced fluid and the various silicate, 
oxide and sulphide mineral phases stabilised by the metasomatic reaction. The 
mineralogical control on the distribution of both the introduced chemical 
species and the redistributed elements within the peridotite was outlined and 
discussed. 
Paper (5) presented pressure- temperature estimates for the west Norway 
garnetiferous peridotites - as well as a comparison with the pressure - 
tempeiature extimates calculated for garnetiferus peridotite assembages encoun- 
tered as xenoliths in kimberlite pipes in southern Africa. The pressure - 
temperature estimates for the Norwegian garnet peridotites have been up -dated 
and refined in several subsequent papers (notably in 8, 9, 11, 13 and 15) as 
better calibrated mineral exchange reactions thermometers and barometers have 
become available and also as electron microprobe mineral analyses have super - 
ceded earlier analyses of bulk mineral separates and thus enabled discrimina- 
tion between porphyroclast core and rim compositions and also recrystallised 
neoblast compositions. 
My latest assessment is that the porphyroclast core assemblages (Stage II 
in paper 15) in Norwegian garnet peridotites equilibrated under subcontinental 
upper mantle conditions at around 850 °C and 34 -36 Kbars, whilst the porphyro- 
clast rims show evidence of diffusion constrained partial re- equilibration 
under somewhat lower pressure- temperature conditions. Recrystallised neoblast 
garnet + spinel peridotite assemblages (Stage III in paper 15) equilibrated at 
around 725 °C and 20 -24 Kbars - these values reflecting the pressure- temperature 
conditions towards the base of a tectonically thickened crustal thrust -nappe 
stack during tectonic intercalation of thrust slices of uppermost mantle 
peridotite into the crust during Caledonian plate collision. 
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Paper (8) also drew a comparison between the calculated equilibration 
pressures and temperatures for Norwegian garnet peridotites and those in the 
central Alps and in the Bohemian Massif. Although in all instances an ultimate 
upper mantle origin was advocated for these peridotite bodies, it was 
emphasised that the final equilibration of the garnetiferous peridotite 
assemblages took place during or immediately after emplacement of these 
peridotite bodies into tectonically thickened crust at the site of major plate 
collisions. 
Paper (13) discussed at length the problems involved in the determination 
of equilibration pressures using the garnet -orthopyroxene Al barometer in rocks 
with complex disequilibrium mineral assemblages -- especially where ortho- 
pyroxenes are appreciably zoned in their alumina content. Nevertheless, it was 
shown that by careful pairing of garnet and orthopyroxene grain rim composi- 
tions comparable pressure- temperature conditions (at around 700 -750 °C and 20 
Kbars) were indicated both for 'internal' orthopyroxene eclogites from within 
the peridotite bodies and for 'external' orthopyroxene eclogites directly 
enclosed in quartzo -feldspathic gneisses. As similar pressure- temperature 
conditions were also deduced for relict high pressure assemblages in the 
gneisses and also for other varieties of 'external' eclogite, it was argued 
that a large segment of the crust in western Norway had suffered early 
Caledonian depression to depths of around 60 -70 kms. 
Paper (3) provided an early overview of controversies concerning the age 
and status of the Basal Gneiss Complex in west Norway and to what extent 
Precambrian and Lower Palaeozoic lithological elements and tectono- metamorphic 
events were involved. An updated interpretation based on subsequent field, 
petrographic, chemical and isotopic age data for rocks in the Moldefjord region 
was presented in paper (14). This later paper stressed the importance of the 
involvement of large volumes of orthogneisses interpreted to have been origi- 
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nally emplaced into the crust during major mid -Proterozoic magmatism associated 
with crustal rifting in an extensional tectonic regime. The original deposit- 
ional age of the associated metasedimentary paragneiss units is less certain, 
although at least some Lower Palaeozoic as well as Precambrian lithological 
units were considered likely to have been involved. Also important in paper 
(14) was the demonstration that both heterogeneous paragneiss and homogenous 
orthogneiss units witnessed the early Caledonian high pressure metamorphism. It 
was further indicated that relicts of the high pressure metamorphic event were 
best preserved in massive eclogite lenses (earlier basic dykes /sills) within 
the acid- intermediate augen textured orthogneisses. The more pervasive later 
deformation of the paragneiss lithologies during subsequent late Caledonian 
uplift, under conditions of high pore fluid activity, has resulted in more 
extensive retrogression to amphibolite facies assemblages. 
Paper (12) demonstrated partial preservation of original intrusive 
relationships between the igneous precursors for basic eclogites and the 
enclosing orthogneisses thereby refuting earlier claims by some workers that 
all the eclogites represented tectonic inclusions of deep level (mostly mantle 
derived) rocks within the enclosing quartzo- feldspathic gneisses. Instead it 
was argued that both these basic igneous rocks and their enclosing rocks (both 
earlier sediments and igneous rocks) were subjected to high pressure meta- 
morphism as a consequence of subduction of the leading edge of the Baltic 
lithospheric plate to depths of 60 -70 kms early during the Caledonian orogeny. 
A more detailed evolutionary tectonic model for the high pressure early 
Caledonian metamorphism of the Basal Gneiss Complex of western Norway and its 
subsequent uplift history was provided in paper (10). Tectonic intercalation 
between continental crust and uppermost sub -continental mantle leading to the 
emplacement of the garnetiferous peridotite bodies into the gneiss complex was 
incorporated into this dynamic model. This model has subsequently been widely 
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accepted and referred to as the 'Sheffield' model. For example thermal 
mudelling of the pressure- temperature -time history of the peridotite bodies by 
Medaris and co- workers was shown to be compatible with the 'Sheffield' geo- 
tectonic model for the Caledonian orogeny in western Norway. 
Paper (11) drew attention for the first time to the existence of two 
chemically contrasted types of garnetiferous peridotites in western Norway. The 
Mg and Cr -rich type peridotites with minor associated 'internal' garnet pyr- 
oxenite (orthopyroxene eclogites) were interpreted to be of upper mantle 
origin. By contrast, the more Fe and Ti -rich type peridotites, which occur as a 
subordinate component of layered eclogite -garnet pyroxenite complexes, were 
interpreted to have originated by metamorphism of relatively low pressure (< 10 
Kbar) crustal intrusive complexes originally comprising olivine norite- 
peridotite cumulates. The latter intrusives were considered to be possibly 
genetically related to the voluminous rapakivi granite -mangerite -anorthosite 
suite of mid -Proterozoic anorogenic intrusives - interpreted as the precursors 
of encompassing orthogneisses. 
Another important feature of paper (11) was the demonstration of the 
existence of two generations of garnet in certain Mg -Cr type peridotite 
samples. The secondary, Cr- depleted, garnet neoblasts were shown to coexist 
with Cr spinel as part of a relatively lower pressure 5 -phase garnet + spinel 
lherzolite assemblage. Contrary to suggestions by others these second genera- 
tion garnets formed before, rather than after, the development of the retro- 
grade granulite -amphibolite facies kelyphite coronas around garnet 
porphyroclasts. 
A more complete documentation of the complex, 7 -stage metamorphic 
evolution of the Mg -Cr type, mantle derived, peridotite bodies in the Basal 
Gneiss Complex of west Norway was outlined in paper (15) and tabulated in Table 
1 of that paper. With the presence of up to 6 generations of certain mineral 
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phases in these peridotite bodies and the overall prevalence of disequilibrium 
assemblages, it was emphasised that considerable care has to be exercised when 
combining mineral composition data to calculate numerical values for the 
pressure- temperature path followed by these rocks during their long and complex 
history. 
This paper refuted claims by other research workers that these particular 
peridotites represented pre- Caledonian (Iapetus) ophiolitic material - instead 
advocating a much older sub -continental mantle origin. It was speculated that 
the coarse grained Stage II garnet peridotite assemblages equilibrated in the 
mantle during the Proterozoic (long before the Caledonian high pressure 
metarnophic event) whereas the recrystallised stage III neoblast garnet + spinel 
peridotite assemblages may well have equilibrated during the Caledonian 
emplacement of these bodies into the crust. Recent, as yet unpublished, Sm -Nd 
dating of the high pressure assemblages in these rocks (undertaken in collabo- 
ration with B. Jamtveit in the Mineralogisk- Geologisk Museum of the University 
of Oslo) has indeed confirmed a Caledonian age for the recrystallised Stage III 
high pressure garnetiferous assemblages (samples U539 and F12 in the Figure 
overleaf) in contrast to partly reset older Proterozoic ages for the coarse 
grained Stage III garnetiferous assemblages(samples T96 and T153 in the Figure 
overleaf). These age dates have been combined with best pressure- temperature 
estimates for each of the observed sequence of mineral assemblages deduced to 
have been stable in these peridotite bodies, to derive the synoptic pressure - 
temperature -time path for the metamorphic evolution of these rocks shown on the 
further accompanying diagram. 
The foregoing resume demonstrates that the integrated field, petro- 
graphic, rock chemistry, mineral chemistry, thermometric, barometric and 
isotopic age data on these west Norway high pressure metamorphic rocks (as 
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major contribution to the understanding and interpretation of the geotectonic 
significance of the occurrences of these rocks within the Scandinavian 
Caledonides. 
B. Papers concerned with xenolith samples brought up in mantle derived 
magmas 
Research work on the high pressure mineral assemblages in xenolithic 
samples of deep crustal or upper mantle derivation commenced shortly after 
completion of initial Ph.D. research work on Norwegian rocks. It has since 
continued in parallel with my research studies of high pressure assemblages in 
basic and ultrabasic rocks in exhumed high pressure, deep crustal gneiss 
terranes. These xenolith studies were initially prompted by the International 
Upper Mantle Project in the late 1960's and were furthered by participation in 
the International Kimberlite Conferences and related field excursions in South 
Africa (1973), U.S.A. (1977) and France (1982). These field excursions 
provided the opportunity for the collection of xenolith samples from kimberlite 
diatremes, which have been the basis of much of the research work documented in 
my publications in this research area. 
Paper (16), my earlist publication in this research area, detailed the 
whole rock and mineral chemistry of a suite of garnet lherzolite xenolith 
samples from South African kimberlites provided by J.B. Dawson. The then 
existing controversies over the petrogenesis of these xenoliths were reviewed 
and an upper mantle derivation emphasised. 
Papers (17) and (18) documented my first electron microprobe studies of 
mineral compositions in xenolith samples, undertaken during a visit to the 
Mineralogisk -Geologisk Museum at the University of Oslo in 1972, as a Royal 
Society supported Research Fellow. Paper (18) drew attention to the important 
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chemical distinctions between the two generations of phlogopite mica grains 
observed in certain xenolith samples, a matter documented in greater detail in 
a later paper (26). 
Paper (20) provided mineral composition data on unusual green coloured, 
uvarovite -rich, garnet xenocrysts in the Newlands kimberlite and discussed 
their likely mineral paragenesis from recrystallised spinel wehrlite cumulates 
of deep mantle origin. Comparisons were drawn with occurrence of rather 
similar garnets in the kimberlites of Yakutia, U.S.S.R. 
Paper (24) constitutes an important review of the whole rock chemistry, 
mineral assemblages, pressure- temperature equilibration estimates and depths of 
origin of both spinel- and garnet- bearing lherzolite xenolith types associated 
with kimberlite, carbonatite or alkali basalt type magmatism. Particular 
emphasis was placed on the interpretation of the chemical and physical controls 
on spinel -garnet stability relationships in such xenoliths. Three different 
classes of spinel lherzolite xenoliths were proposed based on the 100 Cr/ 
(Cr +Al) ratios of the spinels, shown to be inversely correlated with the Al2O3 
content of the coexisting orthopyroxenes. The extent to which the various 
xenolith samples were likely to constitute primitive (undepleted) or residual 
(depleted) upper mantle compositions, in terms of their potential for the 
generation of basaltic partial melts, was also considered at length. Compara- 
tive estimates for the pressure- temperature equilibration conditions of the 
various mineralogical and textural xenolith types were provided and discussed. 
Papers (19) and (25) contain data on the uranium, and certain rare earth 
element, contents in garnet lherzolite xenoliths. They also include discussion 
as to what extent these elemental abundances reflect 'normal' upper mantle 
levels or contamination of the xenolithic peridotite material during transport 
in the erupting kimberlite magmas. 
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Papers (23), (31) and (32) provided detailed accounts of the petrography, 
whole rock and mineral chemistry, pressure- temperature equilibration condi- 
tions, and depths of origin of suites of peridotite xenoliths from the Pipe 
200, Ngopetsoeu and Lipelaneng kimberlites in northern Lesotho. The controls 
of whole rock chemistry on the stable mineral parageneses and mineral composi- 
tions were detailed, again with particular emphasis on the interpretation of 
the stability relationships between garnet and spinel in these xenoliths. In 
the Ngopetsoeu and Lipelaneng kimberlites compositional distinctions were drawn 
between two groups of spinel bearing peridotite xenoliths interpreted to be of 
lower crustal origin, and two further groups (one Cr- spinel bearing, the other 
garnet bearing) considered to be of upper mantle origin. These contrasting 
depths of derivation were further substantiated by comparative mineral ther- 
mometry on the respective mineral assemblages. 
Paper (22) reported innovative research on a large suite of lower -crustal 
granulite and eclogite xenoliths from the kimberlites of southern Lesotho. 
Previously xenoliths of lower- crustal origin had been largely ignored relative 
to peridotite xenoliths of upper mantle derivation. This study directed 
attention to the valuable information to be obtained on the petrological 
make -up of the lower continental crust from the study of such xenoliths and 
pioneered such studies of comparable xenolith suites in volatile charged 
alkaline intrusives in many other parts of the globe. Important points to 
emerge from this study of lower -crustal xenoliths in the kimberlites of 
northern Lesotho were: 
i. the recognition of a large volume of metabasic granulite material in 
the lower crust - with implications for the importance of magmatic 
underplating (or rather interleaving) in the vicinity of the crust - 
mantle boundary. 
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ii. that garnet granulite, eclogite and websterite xenoliths were all 
derived from essentially the same depth range with mineral assem- 
blages (notably the presence or absence of modal plagioclase feld- 
spar) controlled by the bulk rock chemistry. 
that calculated pressure- temperature values for the equilibration of 
the mineral assemblages in these xenoliths were compatible with 
derivation from the lower continental crust. Consequently, studies 
of xenolith suites in kimberlites provide an important basis for the 
establishment of a petrological stratigraphy in the lower continental 
crust as well as in the sub -continental upper mantle. 
Paper (28) provided an assessment of the respective accuracies of the 
various available calibrations of mineral exchange reaction thermometers 
applicable to the estimation of equilibration temperatures for xenolithic 
garnet lherzolite assemblages. Several of the previously proposed thermometer 
calibrations were rejected as unsatisfactory and on the basis of preferred 
methods a revised late Cretaceous palaeogeotherm for the upper mantle beneath 
northern Lesotho was proposed. 
Paper (29) applied similarly selected mineral thermometers and barometers 
to the calculation of 'best' estimates of equilibration temperatures and 
pressures for lower -crustal garnet granulite and garnet websterite xenoliths. 
This paper also emphasised the necessity to take into account the Fe3+ contents 
of coexisting garnets and clinopyroxenes in order to obtain geologically 
meaningful equilibration temperature values by application of the thermometer 
formulation of Ellis and Green (1979) for Fe2+ -Mg2+ exchange between garnet - 
clinopyroxene pairs. 
Paper (30) presented new mineral composition data for kyanite eclogite 
xenoliths from the Roberts Victor Mine and Bellsbank kimberlites. Calculated 
coefficients for Fe2+ -Mg2+ partitioning between coexisting garnet and clino- 
pyroxene in these and previously analysed kyanite or diamond bearing eclogite 
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xenoliths from these kimberlites were used to estimate equilibration tempera- 
tures for these xenoliths. Corresponding pressures and depths of origin were 
deduced with reference to an upper mantle geotherm indicated by garnet lherzo- 
lite xenolith thermometry and barometry and to experimental data on the 
graphite- diamond transition. 
The validity of using the array of calculated equilibration pressure - 
temperature conditions for garnet lherzolite xenoliths to define upper mantle 
palaeogeotherms, at the time of entrainment of these xenoliths in the trans- 
porting kimberlites, was discussed in papers (21) and (27). It was concluded 
that the transport times of xenoliths within erupting kimberlite were likely to 
have been too short to permit any significant chemical re- equilibration of 
mineral assemblages in mantle derived xenoliths. Thus such xenolith suites are 
considered to effectively retain information on the ambient pressure - 
temperature conditions at their respective sites of derivation in the upper 
mantle immediately prior to entrainment in the erupting kimberlite magmas. 
Whilst this may also hold for xenoliths of lower -crustal origin, it is unlikely 
to be true for xenoliths incorporated from mid- to upper -crustal levels since 
at these depths metamorphic mineral assemblages are likely to represent older 
'frozen -in' mineral equilibria held at ambient temperatures well below those at 
which element exchange reactions in mineral assemblages are effectively 
blocked. 
Paper (23) presents an updated evaluation of the accuracy of the various 
mineral thermometer and barometer calibrations applicable to the mineral 
assemblages in garnet lherzolite xenoliths. Assessment was based on the 
ability of the various proposed thermometer and barometer formulations to 
reproduce the experimental pressure- temperature equilibration conditions of 
'natural' multi- component garnet lherzolite assemblages using a large data base 
assembled from papers by Kushiro et al. (1972), Akella (1976), Mori and Green 
21 
(1976) and Nickel (1983). This paper has high- lighted the problems which arise 
over the application of thermometer and barometer formulations based on 
experimental data for simple chemical systems to the more chemically complex 
natura] mineral assemblages. Unlike previous assessment which involved tests 
using selected thermometer -barometer pairings (with consequent cross propa- 
gations of errors), in this case thermometers and barometers were tested 
independently using a specially developed, highly flexible, computer program 
(Nodmins 3) . 
The tests reported in paper (33) indicated that no single thermometer 
formulation was entirely satisfactory throughout the temperature -pressure range 
of interest and hence that equilibration temperatures for garnet lherzolite 
assemblages were best evaluated by consideration of the temperature estimates 
provided by application of a selected number of the most satisfactory thermome- 
ter formulations for different element exchange reactions between different 
coexisting mineral pairs. The Nickel and Green (1985) formulation of the 
garnet -orthopyroxene Al exchange reaction barometer based on experimental data 
for the CaO- Mg0 -A1203 -Sí02 and CaO- Mg0- A1203 -Cr203 -Sí02 systems, extrapolated 
part thermodynamically and part empirically for the additional influence of 
FeO, most closely models the compositions of natural garnet lherzolite assem- 
blages and accordingly was demonstrated to provide the most satisfactory 
pressure estimates. 
Regardless of which actual formulation of the garnet -orthopyroxene Al 
exchange reaction barometer is employed, it has been demonstrated that pressure 
estimates for garnet lherzolite assemblages are critically dependent upon the 
manner in which the amount of Al in orthopyroxene involved Tschermak's molecule 
substitution (Al [V14l[IV]Mg -1Si 1) is assessed from orthopyroxene mineral 
analyses. Accordingly calculation of the composition parameter[XAl(Ts)] is of 
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fundamental importance to evaluation of equilibration pressures for garnet 
lherzolite xenoliths. 
For garnet -orthopyroxene equilibria in the simple Mg0 -A1203 -Sí02 system 




In applying this barometer to natural garnet -orthopyroxene equilibria, Wood 
(1974) assumed that this relationship still effectively holds. Similarly, 
Finnerty and Boyd (1984 and 1987), in applying their favoured barometer 
formulation based on the Mg0- A1203 -Si02 system experimental data of MacGregor 
(1974) simply considered the total weight fraction of Al present in the 
orthopyroxene. Such treatments simply assume that all Al in the orthopyroxenes 
is present as Tschermak's molecule substitution and will obviously yield 
inaccurate pressure estimates for natural orthopyroxenes in which some of the 
Al present is involved in different crystal chemical substitutions. 
Paper (34) has demonstrated that in orthopyroxenes from the higher 
temperature deformed garnet lherzolite xenoliths within the Thaba Putsoa and 
Mothae kimberlites of northern Lesotho there is a strong positive composition 
correlation between the cation contents of (Na -Cr) and Al. This indicates that 
in these particular orthopyroxenes a significant number of Al cations are 
involved in jadeite molecule substitution. Hence for the orthopyroxenes in 






invalid - such values being too large and thus in turn generating calculated 
pressure estimates which are too low. 
It was thus shown in paper (34) that the pressure- temperature estimates 
for these higher temperature xenoliths determined by the combinations of 
barometric and thermometric methods favoured by Finnerty and Boyd (1984 and 
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1987) are invalid. Consequently the apparent thermal perturbation (inflection) 
of the upper temperature part of their deduced upper mantle palaeogeotherm, 
over which they and other research workers have set considerable store and 
based dynamic mantle models, is considered to be totally spurious. 
On the assumption that the orthopyroxenes in garnet lherzolite xenoliths 
are genuinely stoichiometric, an alternative calculation procedure for assess- 
ment of XM1 is to calculate Al[lV]as 2.000 -Si4+ and hence Al[VI] as AlTotal 
Al (Ts) 
- Al[IV]. If some of the Al in orthopyroxenes is demonstrably present as 
jadeite molecule substitution then XAl(Ts) is best taken to be equivalent to 
Al[lV]. However, this calculation procedure does not allow for the possibility 
of additional substitution as represented by NaTiAlSiO6, M2 +TiAl2O6, 
M2 +CrAlSiO6 and M2 +Fe3 +AlSiO6 molecules. This fact, together with the extreme 
sensitivity of the calculated A1[IV] value to any errors in the analytical 
determination of Si, effectively means that XAl(Ts) in natural orthopyroxenes 
cannot be reliably determined in this manner. 
Nickel and Green (1985) proposed that for chemically complex natural 
orthopyroxenes: 
XAl(Ts) 
= [AlTotal - Cr - 2Ti + Na]/2 
The rationale behind this formulation is that it corrects for the amount of Al 
involved in M2 +CrAlSiO6and M2 +TiAl2O6 substitutions, after first taking into 
account NaCrSi2O6 substitution. Allowing for the possible presence of Fe3+ in 
the form of NaFe3 +Si2O6 or M2 +Fe3 +A1SiO6 substitutions in natural ortho- 




Cr - Fe3+ - 2Ti + Na]/2 
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However, as pointed out in papers (23) and (24) this formulation breaks 
down for the higher temperature -pressure orthopyroxenes in Thaba Putsoa and 
Mothae garnet ] herzolite xenoliths, as significant jadeite substitution is 
present in these orthopyroxenes - resulting in their overall chemical composi- 
tion being such that Na > Cr + Fe3+ + Ti. Detailed consideration of the 
crystal chemistry of these Na enriched orthopyroxenes has now led to the con- 
M1 
clusion that in these cases XAl(Ts)should instead be calculated as [AlTotal- 
Na + Cr + Fe3+]/2. 
The result of employment of these recommended procedures for the cal- 
M1 
cu]ation of the critical 
XA1(Ts)composition 
parameter in orthopyroxenes is the 
generation of pressure- temperature estimates for the garnet lherzolite xenolith 
suites in these northern Lesotho kimberlites which define pressure- temperature 
arrays, as shown in paper (34), which lack any significant thermal perturba- 
tion. Indeed, the gradient of the deduced upper mantle palaeogeotherm has been 
shown to decrease rather than increase at the deeper mantle levels, compatible 
with a conductive heat flux in the lithosphere (the source of the lower 
temperature coarse grained xenoliths) passing down into a thermally convecting 
asthenosphere (the source of the higher temperature deformed xenoliths). 
Additional important points to emerge in paper (34) from these refined 
thermometer and barometer applications to the garnet lherzolite xenolith suites 
in the kimberlites of northern Lesotho included evidence indicative of signifi- 
cant regional variations both in the thickness of the lithosphere and in the 
mantle heat flux. 
In summary, the outlined analytical data and interpretations on the high 
pressure assemblages in xenolith samples (as contained in the nineteen submit- 
ted published papers in this research area) are considered to amount to a 
significant contribution to knowledge of the chemistry, mineralogical make -up, 
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petrological evolution and pressure- temperature distribution within the lower 
crust and uppermost mantle beneath relatively stable continental cratonic 
areas. Tt has been shown that assignment of particular xenolith types in 
kimber]ites to particular depths of origin on the basis of calculated equili- 
bration pressure- temperature estimates enables construction of a detailed 
petrological stratigraphy for both the lower continental crust and the underly- 
ing mantle down to depths of about 200 kilometres. 
C. General papers or papers on high pressure metamorphic rocks from other 
geological settings 
Included in this section are the research results contained in the 
published papers which do not fit readily into either of the two previous 
sections. Nevertheless, the emphasis in these papers was again on the mineral 
chemistry, equilibration conditions and geotectonic significance of high grade 
(granulite or eclogite facies) metamorphic rocks. 
The work on charnockites from Sri Lanka described in paper (35) arose 
from the supervision of a British Council supported M.Sc. research student from 
that country. The petrogenesis of these rocks was interpreted from major and 
trace element analyses of some fourteen samples, and wet chemical analyses of 
mineral separates were used as the basis for calculation of equilibration 
pressure- temperature estimates for the various mineral assemblages. 
Studies of the petrography, whole rock and mineral chemistry, equili- 
bration conditions, geochronology and interpretation of the occurrences of high 
pressure rocks in the Moldanubian Zone of the Bohemian Massif in Lower Austria 
are being actively persued at present. Paper (36) constitutes an initial 
interpretative assessment of certain Lower Austrian samples, based largely on 
analytical data obtained previously by my Austrian collaborator in this 
research work. Important evidence is provided of high initial temperatures 
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both in tectonically intercalated, mantle derived, peridotite bodies and in 
enclosing quartzo- feldspathic granulites of mostly calc- alkaline magmatic 
origin. These high temperatures and the observed lithological associations are 
considered to be indicative of evolution in a high heat flux, extensional, 
geotectonic environment, prior to the major compressional Hercynian plate 
collision responsible for the stabilisation of the high pressure (eclogite or 
high pressure granulite facies) assemblages in these lithologies. 
Paper (37) comprises a substantial review of the occurrence of medium - 
temperature, eclogite facies assemblages in the Norwegian Caledonides, Western 
Alps and Central European Hercynides. The formation and exhumation of these 
high pressure assemblages were interpreted with reference to a generalised 
tectono- thermal model involving transient A -type subduction of continental 
crust in continental plate collision zones. This paper also emphasised how 
mineralogical features, such as chemical zoning in garnets and the occurrence 
of armoured mineral inclusions in garnets, may be used to deduce the tectonic 
location of different crustal segments in an evolving compressional thrust - 
nappe stack and the contrasting pressure -temperature -time paths which rocks may 
be expected to have followed depending upon their location prior to the major 
plate collision. 
The survival and ultimate surface exposure of high pressure assemblages 
necessitates that the uplift rate following maximum tectonic thickening of the 
continental crust is high relative to the rate of relaxation of the perturba- 
tion of the normal temperature -depth profile. Simple isostatic rebound with 
associated surface erosion was considered to be too slow to permit preservation 
of high pressure assemblages. Instead a dynamic uplift model involving further 
tectonic under -thrusting during continued crustal shortening is considered 
necessary. This paper thus emphasises that exposures of eclogite facies 
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assemblages in metamorphic terranes are important to the recognition of 
palaeo -plate suture zones and provide important constraints on evolutionary 
tectonic and thermal models for plate collision zones. 
Paper (37) also proposed a revised three fold, temperature based, 
subdivision for eclogites which correlates with eclogite formation in what are 
considered to be three fundamentally different geological environments. The 
appropriate equilibration temperature estimates for these three groups of 
eclogites are readily obtained from experimentally based calibrations of the 
Fe2F -Mg24 exchange reactions between coexisting garnets and clinopyroxenes. The 
temperatures indicated (< 550 °C) for the stability of low temperature eclogites 
are in line with the likely maximum stability conditions for natural glauco- 
phane in the widely associated blueschists developed in B type (Benioff) 
subduction zones. The 900 °C temperature boundary indicated between the medium 
and high temperature eclogites is less well constrained but in the majority of 
cases discriminates between the medium temperature eclogites stabilised in 
tectonically thickened continental crust in A -type (Amferer) subduction zones 
and the high temperature eclogites stabilised under ambient conditions in the 
upper mantle. 
Correspondence and comparison of this new classification scheme with 
previously proposed schemes are shown on the accompanying Table. This new 
classification scheme for eclogites is considered to be more satisfactory than 
the currently widely adopted subdivision scheme of Coleman et al. (1965) into 
Groups A,B and C - based on observed differences in the compositions of the 
constituent garnets and clinopyroxenes. This previous scheme can be shown to 
break down in some instances because of the influence of variable rock composi- 
tions. In particular the most pyropic garnets and least jadeitic clino- 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































less of whether they occur as xenoliths in kimberlites with mantle derived 
Group A eclogites or within alpine -type peridotite bodies associated with Group 
B eclogites in exposed high grade gneiss terranes. 
The stability conditions for low, medium and high temperature eclogites 
are illustrated on the following pressure- temperature petrogenetic grid 
diagram. It should be noted that this diagram is complicated by the fact that 
it includes, and attempts to marry, experimentally determined reaction equili- 
bria relevant to eclogite stability for both 'wet' and 'dry' rock systems. The 
boundary between the eclogite facies and the adjacent amphibole bearing facies 
(blueschist and amphibolite) should strictly be viewed as a surface in 
load 
P - T space. Hence in the presented Pload T section two extreme 
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projected positions - curves (c) and (d) - are indicated for the low pressure 
boundary of the eclogite facies under conditions (T < 1000 °C) where amphiboles 
are potentially stable. Boundary (c) corresponds to the location for water 
saturated rock systems with P = P = P whilst the alternative 
fluid HZO load 




clear that under the latter conditions eclogite stability can be expected at 
substantially and increasingly lower 
load 
conditions at progressively lower 
temperatures than indicated by boundary (c). Above about 1000 °C the boundary 
between the eclogite and granulite facies is fairly well constrained by 
experimental data on plagioclase elimination in quartz tholeiite (A and B) 
compositions (Green and Ringwood 1967) and on the stability of garnet lherzo- 
lite relative to spinel lherzolite in natural magnesian peridotite (O'Hara et 
al. 1971). However, the extrapolations of these reaction curves to lower 
temperatures are less certain. Boundary (d) is considered to be the most 




































































































































diagnostic eclogite facies assemblages in essentially 'dry', fluid- absent, rock 
systems. Even if eclogite is in theory thermodynamically stable at somewhat 
lower pressures in cool 'dry' basaltic rocks, kinetic factors are considered 
likely to prohibit formation under such conditions. 
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COPIES OF SUBMITTED PUBLICATIONS 
Papers concerned with high pressure metamorphic rocks from the Basal - 
Gneiss Complex of Western Norway 
Contr. Mineral. and Petrol. 19. 97 -1.24 (1968) 
Picritic Magma - Residual Durite Relationships 
in Garnet Pcridotite at Kalskaret near Tafjord, South Norway 
D. A. C'aRSwELL* 
(rant Institute of Geology. University of Edinburgh. Scotland 
Received May 13. 1968 
:lhstrnrl. Field and textural relationships have indicated the tectonic emplacement of the 
Noroiían garnet peridotites as relatively cold intrusions into their present environment. 
Mineralogical data demonstrate considerable heterogeneity. Olivines and orthopyroxenes in 
garnet rich peridotites are significantly more ferriferous than those in garnet free peridotites. 
\Iineralogical features indicate that the mineral assemblages have been equilibrated at sub - 
solidus temperatures. However. the hypothesis that these garnet peridotites have resulted 
from the eclogite facies metamorphism in deep levels of the crust of other peridotite mineral 
facies assemblages is considered and rejected. 
Statistical analysis of the bulk rock composition data has substantiated the existence of a 
very strong linear composition trend. two end members being sufficient to account for almost 
the whole range of composition variation. 
The hypothesis favoured is that these peridotites have been involved in partial melting pro- 
cesses in the upper mantle. The Kalskaret garnet peridotite occurrence is considered to re- 
present a case where the ' picritic' partial melt fraction has not been completely liberated but 
has remained trapped and mixed with the 'dunitic' residual fraction. 
I. Introduction 
A. Regional Setting 
The village of Tafjord lies at the easternmost extremity of Storfjord, the largest 
fjord in the Sunnmore district of Norway. Alesund, the major port for this district, 
is situated on the coast, just to the north of the mouth of Storfjord, about 150 
miles north of Bergen. 
The Sunnmore district as a whole is part of the basal gneiss region of southern 
Norway (HOLTEDAHL, 19.14). This gneiss complex was considered by early field 
workers to be Pre -Cambrian but is now generally recognized as being Caledonian 
in age (HOLTEDAHL, 1960 ; NEwMANN, 1960 ; STRAND, 1961 ; M cDOUG ALL and 
GREEN. 1964). HERNES (1957) considered this region as marking a prominent 
culmination in the Norwegian Caledonide basement, which is consistent with the 
opinion of MURET (1960) that the rocks of this region represent the structurally 
lowest levels of the Caledonian orogeny now exposed. 
Within the layered gneisses of this district there are numerous occurrences of 
peridotite in a broad zone from Almklovdalen (62° N. 5 °30' E.) near Aheim on the 
coast south of Alesund, north -eastwards to Tafjord (62 °13' N. 7 °26' E.). Eclogites 
and anorthosites commonly occur in close association with the peridotites through- 
out this region. 
The principal occurrences of peridotite in this district have been indicated by 
GJELSVIK and GLEDITSH (GJELSVIK, 1951), but documented occurrences of garne- 
tiferous peridotite are at present restricted to the Tafjord and Almklovdalen 
areas (ESKOLA, 1921). 
* Present address: Dept. of Geology, University of Sheffield, England. 
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THE AGE AND STATUS OF THE BASAL 
GNEISS COMPLEX OF NORTH -WEST 
SOUTHERN NORWAY 
DENNIS ANTHONY CARSWELL 
Carswell, D. A.: The age and status of the Basal Gneiss Complex of north- 
west southern Norway. Norsk Geologisk Tidsskrift, Vol. 53, pp. 65 -78. 
Oslo 1973. 
This paper presents a review of the evidence concerning the age and status 
of the Basal Gneiss Complex of north -west southern Norway. There seems 
little doubt that both `Caledonized' Pre -Eocambrian basement rocks and 
Eocambrian -Lower Palaeozoic cover rocks occur within this complex, 
although it is extremely difficult to discriminate between them in the field. 
It is suggested that occurrences of eclogites, granulites and calcic anortho- 
sites in this region may be restricted to the Pre -Eocambrian basement, and 
hence may provide the most reliable means of distinguishing between base- 
ment and cover rocks in the field. 
D. A. Carswell, Department of Geology, University of Sheffield, 
Sheffield SI 3ID, England. 
On the geological map of Norway ( Holtedahl & Dons 1960) a large pro- 
portion of north -west southern Norway is indicated as consisting mainly of 
gneissic rocks, of various origin, with a structure wholly or in part Caledo- 
nian. Following Holtedahl (1944) this area is usually referred to as the 
`Basal Gneiss Region' and the rocks within this area as the `Basal Gneiss 
Complex'. 
This paper presents an assessment of the often divergent and contradictory 
results and conclusions of previous workers on the question of the age and 
status of the Basal Gneiss Complex, in the light of the author's own pre- 
judices, based on field observations in many parts of the region but in parti- 
cular on recent work in the Romsdalsfjorden region. 
Before proceeding it is advisable to discuss some of the geochronological 
terms which will be used in this paper. 
At our present state of knowledge it is perhaps desirable to retain the 
much used term `Caledonian' to describe in broad terms the age of the 
orogenic activity (essentially Lower Palaeozoic) within the Caledonian 
orogenic belt. Thus within this orogenic belt the deformation, metamorphism 
and igneous activity may be referred to as being of `Caledonian' age. 
In the past the term `Caledonian' has also been used very loosely in a 
time- stratigraphic sense to imply the depositional age of the rocks subjected 
to deformation and metamorphism during Lower Palaeozoic times in this 
orogenic belt. It is now apparent, however, that rocks of diverse ages (Early 
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4 
GARNET PYROXENITE LENS WITHIN UGELVIK LAYERED GARNET PERIDOTITE 
D.A. CARSWELL 
Department of Geology, University of Sheffield, Mappin Street, Sheffield Si 3JD, England 
Received 22 June 1973 
Revised version received 12 September 1973 
A unique garnet pyroxenite lens is described from within the layered garnet peridotite mass at Ugelvik on the 
Island of OtrOy, west Norway. Textural evidence, whole rock and mineral analyses suggest the original crystallisa- 
tion of a high temperature enstatite phase formed at roughly 1500- 1600 °C and 35 -40 kb pressure. This primary 
enstatite subsequently exsolved chrome diopside and garnet still at upper mantle temperatures and pressures of 
the order of 950 -975 °C and 35 -37 kb, before the tectonic emplacement of the peridotite mass into its present 
crustal environment. 
1. Introduction 
The striking occurrences garnetiferous 
peridotites close to the village of Ugelvik on the Island 
of Otroy on the north side of Romdalsfjord in west 
Norway, have been previously described [ 1 ] and are 
thought to represent tectonic slices of upper mantle 
peridotite thrust up into the basal gneisses [2] in this 
region. This paper describes an interesting new dis- 
covery of a coarse garnet pyroxenite lens exposed 
within the layered garnet peridotites in a new small 
quarry blasted adjacent to the new harbour at Ugelvik. 
2. Petrography 
The peridotite exposed around Ugelvik consists 
largely of interbanded garnetiferous and garnetfree 
peridotite. Garnetiferous peridotite predominates and 
contains on the average 10% garnet, 3% chrome diop- 
side, 7% enstatite (7 -8% Fs), 78% olivine (8 -9% Fa) 
or serpentinised olivine, 1% spinel and I% secondary 
amphibole. The grain size is commonly of the order of 
1-2 mm, although single gem quality garnets up to 
4 -5 mm across can sometimes be found. Also the 
rocks have partial cataclastic fabrics, most apparent 
in the garnet- and pyroxene -rich layers, with small 
granulated grains adjacent to strained 1 -2 mm sized 
porphyroclasts. The extensive late stage serpentinisa- 
tion tends to mask the cataclastic fabric. 
The newly discovered garnet pyroxenite forms an 
irregularly shaped lens -like mass up to 45 cm across 
within the usual garnetiferous peridotite. The garnet 
pyroxenite lens is strikingly coarse grained consisting 
mainly of large randomly orientated enstatite crystals, 
commonly 1 -2 X 1 cm in size, with the largest single 
enstatite crystal measured being rougly 3 X 5.5 cm. 
Forsteritic olivine grains up to 4 -6 mm across occur 
in small interstitial amounts, whilst garnet also occurs 
interstitially to the enstatite grains and sometimes 
forms single crystals up to 5 mm across. However, 
apparently all the chrome diopside and much of the 
garnet occurs as numerous small grains (of about 
0.5 -1 mm in size) distributed both along crystallo- 
graphic planes within the enstatites and also, in par- 
ticular with the garnets, around the margins of the 
enstatite grains. The chrome diopside forms small 
discrete grains or in some cases long narrow lamellae 
orientated // (100) plane of the host enstatite, whilst 
concentrations of both chrome diopside and garnet 
grains occur along rather irregular cross -cutting frac- 
ture planes (fig. 1). 
Thus the overall texture of the garnet pyroxenite 
lens is undoubtedly that of an exsolution texture in 
which it appears that probably all of the chrome diop- 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































352 D.A. Carswell, A garnet pyroxenite lens 
Somogyi and Dr. R. Kanaris -Sotiriou for performing 
the chemical analyses. 
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Comparative equilibration temperatures and pressures of 
garnet lherzolites in Norwegian gneisses and in kimberlite 
D. A. CARSWELL 
LITHOS 
Carswell, D. A. 1974: Comparative equilibration temperatures and pressures of garnet 
lherzolites in Norwegian gneisses and in kimberlite. Lithos 7, 113 -121. 
The chemistry of the pyroxenes suggests that the garnet lherzolites enclosed in the 
Norwegian basal gneisses have equilibrated at depths greater than 70 kilometres along an 
expected sub- continental geotherm. Such depths are somewhat shallower than the apparent 
depths of origin of most garnet lherzolite xenoliths in kimberlite pipes. Distribution coef- 
ficients for Fe- + /Mg-+ and Mn2+/Mg2+ between coexisting clinopyroxenes and garnets 
support the slightly lower equilibration temperatures deduced for the Norwegian garnet 
lherzolites compared with the xenolithic garnet Iherzolites in kimberlites. 
The pressure- temperature equilibration conditions deduced for the Norwegian garnet 
lherzolites (800- 1020rC at 22 -37 kbs) contrast with previous estimates (625 ± 30° at 14 kbs) 
for basic eclogite masses in the Norwegian gneisses. This suggests a possible dual para- 
genesis of the Norwegian eclogites, with the garnet Iherzolites being tectonic slices of the 
sub -continental upper mantle and the basic eclogites deep crustal metamorphic rocks. 
D. A. Carswell, Dept. of Geology, University of Sheffield, Mappin Street, Sheffield SI 3JD, 
United Kingdom. 
There is now a large body of agreement (Har- 
ris et al. 1967, O'Hara 1967, 1970, Carswell & 
Dawson 1970) that the common granular 4- 
phase garnet lherzolite xenoliths (garnet+ 
olivine + orthopyroxene + clinopyroxene assem- 
blages) in kimberlite pipes have been derived 
from the upper mantle - probably in general 
from depths of the order of 100 -150 kilo- 
metres. Such xenoliths therefore provide the 
most direct line of evidence on the mineralogy 
and composition of the upper mantle at such 
depths. 
However, opinion is still greatly divided (cf. 
O'Hara & Mercy 1963, Kopecky & Sattran 
1966, Rost 1966, Fiala 1966, Carswell 1968a, b, 
etc.) concerning the petrogenesis of the garnet 
lherzolites found directly enclosed in gneisses 
in crustal metamorphic terrains and of which 
good examples are found in the Basal Gneiss 
region of the More and Romsdal districts of 
western Norway. 
O'Hara & Mercy (1963), Lappin (1966), 
Carswell (1968a, b, 1973), and O'Hara et al. 
(1971) have argued that the Norwegian garnet 
lherzolites and associated eclogites have been 
tectonically emplaced into their present crustal 
position as cool bodies during orogenesis, 
having probably originated from the top of the 
mantle although possibly (O'Hara 1967) from 
near the base of the crust in regions of 
drastically thickened crust. On the other hand 
Schmitt (1964), Bryhni et al. (1970), and Green 
& Mysen (1972) have suggested that all the 
eclogites, both basic and ultrabasic types, one 
finds in western Norway may be essentially 
in situ crustal metamorphic rocks which 
developed under the same load pressure and 
temperature conditions as the enclosing al- 
mandine amphibolite facies gneisses but under 
local conditions of much lower water pressure. 
This paper therefore reconsiders the crustal 
versus mantle origin controversy for the Nor- 
wegian garnet lherzolites on the basis of 
estimates of their likely equilibration tem- 
peratures and pressures based on mineralogical 
considerations and a comparison with the 
granular garnet lherzolite xenoliths from 
kimberlite pipes. 
Resumé of experimental data 
It appears that fairly reasonable values for 
equilibration temperatures in natural garnet 
lherzolite assemblages can be obtained by 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Vein Metasomatism in Peridotite at Kalskaret 
near rçaf j ord, South Norway 
by D. A. CARSWELL, C. D. CURTIS, 
and R. KANARIS -SOTIRIOU 
Department of Geology, The University, Sheffield, SI 3JD, England 
(Received 26 Jane 1973; in rerised form 20 October 1973) 
ABSTRACT 
Enstatite, anthophyllite, tremolite, and chlorite are developed in a zoned sequence as a 
eincross cutting a peridotite body located within the basal gneiss region of southern Norway. 
They are believed to have formed during the main regional metamorphic event at tempera- 
tures around 700 C and Pt t;,l in excess of 6 kb. 
It is thought that metasomatic reaction occurred by means of (and to a lesser extent directly 
involved) a pore fluid phase rich in alkali halides. The zonal sequence now found represents 
the results of incomplete reaction of the peridotite body with pore fluids derived from the 
acid gneiss country rocks. Each zone illustrates partial attainment of equilibrium one com- 
ponent at a time. Local equilibrium was maintained between the fluid phase and the various 
silicates during reaction. Questions of component 'mobility' are considered. 
There appears to be no doubt that enstatite developed by metasomatic reaction on this 
small scale. This raises interesting possibilities of metasomatic development on a larger 
scale: enstatite occurs as a major constituent of some ultrabasic bodies in this region of 
southern Norway. 
INTRODUCTION 
THIS paper describes the mineral sequence developed in a vein which cuts a 
small peridotite body on the southern flank of the Kalskaret col above Tafjord 
(see Carswell, 1968, figs. 1 and 2 for location). The silicates present in the vein 
constitute a particularly well -developed example of zoned metasomatic alteration. 
The petrology and field relationships of the peridotite bodies in this part of 
the Basal Gneiss Region of southern Norway have been described by O'Hara 
& Mercy (1963), Carswell (1968), and Brueckner (1969). The last paper also 
gives some mineralogical information on the alteration assemblages observed 
both in cross -cutting fractures and at peridotite lens margins. 
Metasomatic assemblages are not true equilibrium assemblages, but repre- 
sent partial reaction states `frozen' by lowering of temperature or removal 
of the reaction medium. As such they should be particularly useful in providing 
general information about the reactions that take place in metamorphic 
environments. In spite of much theoretical discussion, however, relatively few 
examples of metasomatic alteration have been studied in detail. One such 
description was given by Curtis & Brown (1969, 1971) for zoned ultrabasic 
bodies in Unst, Shetland. However, the metasomatic assemblages they described 
[Journal of Petrology, Vol. 15, Part 2, pp. 383 -402, 19741 
5.r,:rw : 
384 D. A. CARSWELL ET AL. 
differed significantly from those observed in the Kalskaret vein, although some 
common features are of special interest. 
FIELD OCCURRENCE AND PETROGRAPHY 
Field exposure of the vein is limited to some 4-5 metres. Centrally placed 
chlorite is bounded on both sides by tremolite, anthophyllite, and enstatite 
zones in that order. Zonal boundaries are not sharp in particular being crossed 
by large crystals (up to 2 cm) of anthophyllite and tremolite. In general, how- 
ever, the zonal form of the vein is clear and the zonal sequence constant. 
The original width of the vein is difficult to estimate since later deformation 
has caused some redistribution of the material, particularly of the innermost 
chlorite zone, which has been squeezed out in places to form pods up to 40 cm 
across. The enstatite -tremolite sequence is, however, less variable in thickness 
(about 8 -18 cm over -all). Some lateral variation in vein thickness might well 
have been present prior to the deformation of the vein. 
The `normal' peridotite of the ultrabasic bodies in the Kalskaret and other 
parts (Kaldhussaeter, Ranukdalen, etc.) of the Tafjord district is essentially a 
dunite with about 90 per cent olivine (Fo93.4_91.9), 10 per cent enstatite (En93.4.9:a), 
and small amounts of chromite. Most of the bodies are relatively unaltered 
although minor amounts of secondary tremolite, chlorite, enstatite, serpentine, 
and talc are not uncommon. Chemical and mineralogical data on these assem- 
blages have been published by O'Hara & Mercy (1963), and Mercy & O'Hara 
(1965). 
Some of the smaller bodies in the district, however, have been extensively 
altered to enstatite, chlorite, tremolite or less commonly serpentine, and 
marginal metasomatism is common. Late -stage deformation has apparently 
produced considerable variability in the width of the marginal metasomatic 
skin, so that whilst in some places a wide zone exists, elsewhere it apparently 
has been stripped off completely. 
It seems probable that both the vein metasomatism and the marginal meta - 
somatism can be attributed to the same episode of metasomatic activity. The 
vein assemblages differ from the marginal assemblages only in the obvious 
sense of not being in direct contact with reactant acid country rock material. 
These relationships are outlined schematically in Fig. 1. 
Three hand specimens were taken from the vein: samples T412, T410, and 
T413. These samples were sliced normal to the vein and then one slice from 
each cut parallel to the vein to give a sequence of sub -samples starting from 
little altered dunite and ending with virtually pure chlorite from the centre of 
the vein. Thin section petrography revealed the following assemblages: 
T412A. Mostly olivine with enstatite and minor serpentine, talc, and chlorite. 
T412B. As T412A but roughly equal proportions of olivine and enstatite. 
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FIG. 1. Schematic representation of the vein mineral assemblage and inferred relationships between 
vein (A) and contact (B) metasomatic assemblage development. 
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T410A. Mostly enstatite but overlaps into the anthophyllite zone with a 
definite concentration of talc between the enstatite and anthophyllite 
zones. No olivine but minor chlorite and tremolite. 
T410B. Anthophyllite zone: largely anthophyllite with minor chlorite and 
tremolite. 
T410C. Anthophyllite and tremolite as major phases with minor chlorite. 
T4I0D. Tremolite zone: abundant tremolite together with appreciable chlorite 
and trace anthophyllite. 
T410E. Chlorite and tremolite with some anthophyllite. 
T413A. Mostly chlorite with some anthophyllite and minor tremolite. 
T413B. Chlorite zone: almost pure chlorite with trace anthophyllite. 
CHEMICAL MINERALOGY 
Table 1 lists the chemical analyses of the ten sub -samples. Na20 and Fe0 
were determined by wet chemical methods, the remaining oxides by X -ray 
fluorescence analysis. The H2O; figure represents glass fusion loss corrected 
for iron oxidation and sulphur. 
The chemical variation in Table 1 largely reflects the differing proportions of 
the minerals present. This assertion was justified by a modified `norm' calcula- 
tion procedure, and checked by semi -quantitative X -ray diffraction analysis. 
Sample T413B proved to be essentially monomineralic chlorite (XRD) and 
recalculation of this analysis to 36 (O +OH) gave: 
(Al1.FeU.2 Feg.-4 Mga.$) [Sie.oAl2o0zo. 7 ](OH )lss 
This chemical formula corresponds closely to that of a clinochlore. It was then 
assumed that chlorite of this composition was responsible for all the Al in the 
remaining samples. Hence percentage chlorite figures were calculated and 
appropriate oxide percentages subtracted from these analyses. 
Sample T410D was considered next as this proved (XRD) to be essentially 
tremolite plus chlorite. The residue after subtraction of chlorite recalculated 
to: 
Ca2.1(Feg.i Feg.3 Mg4.4)[Si8.10218](OH )rl 
It was then assumed that tremolite of this composition was responsible for 
all the Ca in the remaining analyses and hence an equivalent amount of material 
was subtracted and recorded as percentage tremolite. 
Samples T410B, T410E, and T413A were considered next as they proved to 
contain chlorite, tremolite, and anthophyllite. After corrective subtraction of 
chlorite and tremolite, the residues were recalculated on the basis of 24(0 -I-0H) 
and gave: 
T410B (Fe .; Fe;;:; Mge.3)[Si$.o022.o](OH)2.0 
T410E ( Feo .1Fe0.9Mg6.1)[Si8.1022](OH)2 
in the latter case the recalculation assumed 22(0) and 2 (OH). 
T413A (F4.1. Fei,; Mg6.2)[Si74,0218](OH)2.2 
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All three give remarkably good anthophyllite formulae, especially when in the 
last two cases the correction for chlorite and tremolite accounts for 83.7 and 
63.8 per cent, respectively, of the total analysis. 
A similar routine was developed for the olivine -enstatite -antigorite- chlorite 
assemblages. Chlorite equivalent to the Al content was calculated and sub- 
tracted, then any water remaining attributed to antigorite (talc being ignored). 
TABLE 1 
Chem cal analyses 
Sample 
number 412.4 412B 4l 2C 4 /0A 4108 4/0C 410D 410E 413.4 4138 
S102 4347 4806 5456 53.40 54-9' 54-80 52.50 4418 44.60 31.38 
A1,0, 0.85 1.22 1.54 2.30 2.40 2.50 4.20 9.18 9.25 17.35 
TiO2 0.02 0-02 002 0.01 0.01 0.02 0.03 0.04 04)4 0.06 
Fe20, 1.48 1.72 1.98 1.87 0.73 0.66 070 089 1.19 1.20 
FeO 607 574 5.64 451 5.38 420 2.80 3.04 3.95 237 
MgO 44.08 3993 34.0l 32.36 31-49 28.16 24.89 30.06 32.06 34.62 
CaO 0.02 0.03 0.10 0.16 0.37 496 10.33 443 1.49 04)04 
Na90 0.005 0008 0.010 0.025 0044 0.187 0.385 0-133 0.064 0.004 
K26 0003 0001 0004 0002 0.000 0.018 0.049 0.018 0.006 04)02 
MnO 0.13 0.12 0.13 008 0.11 009 0.09 0.05 0.10 0.08 
P203 0000 0.001 0003 0004 0.031 0.031 0.086 0.040 0.041 04)00 
S 0.05 0.10 0-19 0.22 0.13 0.08 0.01 0.00 0.00 0.01 
H,0' 244 2.49 1.43 372 3.52 3.23 32I 7.98 7.28 1321 
98.62 9944 9862 9866 99.14 98.94 99.58 100.04 10007 100.29 
0 =S 0.02 0.05 0.09 0.11 0.06 0.04 0.00 0.00 0.00 0.00 
TOTAL 98.60 99.39 98.53 98.55 99.08 98.90 99.58 100.04 100.07 100.29 
See text for details of methods. 
The residuum was then partitioned between olivine and enstatite on the basis 
of assumed ideal cation: silica ratios. This procedure almost certainly gives 
good estimates of olivine and enstatite but very little certainty can be attri- 
buted to the antigorite figure based on residual water. A precisely similar 
routine attributes residual water to anthophyllite in the chlorite- tremolite- 
anthophyllite -enstatite samples -again with uncertain precision. Also, any 
talc present has essentially been calculated as anthophyllite. 
These procedures allow `normative' mineral assemblages to be calculated 
for all the samples and the estimates so obtained are listed in Table 2. This 
table also lists semi -quantitative estimates of the mineral proportions based on 
X -ray diffraction peak intensities. The agreement between the two approaches 
is very reasonable apart from sample T410A where significant enstatite is 
missed by the normative calculation, anthophyllite being overestimated at the 
expense of enstatite and talc. 
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The chemical `norm' estimates are plotted in Fig. 2 except for sample T410A 
where the X -ray diffraction estimate, although crude, is obviously better than 
the `norm'. This diagram shows clearly that the over -all chemical variation is 
due to a definite mineral zonation sequence from (pure) chlorite in the vein 
centre through tremolite, anthophyllite, and enstatite to the peridotite, which 
has been partially serpentinized. The statistical overlap of zones is partially 
due to the method of sampling, the samples themselves showing some internal 
zonation. It is clear, therefore, that the metasomatic reaction which formed the 
vein involved the growth of four new silicate minerals. All grew at the expense 
of olivine and all show distinctive zonal culminations. 
TABLE 2 
Estimated mineralogical composition of samples T412, T410, T413 per ceri) 
(a) Based on `normative' calculations, (b) Based on XRD intensity data 
Chloröe Tremolite Anthoplpllhe Enstrttite Olirinr Antigorin Talc 
a b a b a b a b a b a b ab 
T4I2A 4.9 5 - - - - 17.9 30 612 60 14.7 p 
T412B 7-0 5 - - - - 49.8 45 29-6 50 13.0 p - 
T412C 8.8 5 0.7 10 16.3 10 72.6 75 - - - - - 
T4I0A 13-1 IO 12 IO 84.1 50 - 30 - - 
T4I0B 13-7 10 2.4 - 82.8 90 - - - - 
T410C 14-3 10 36.4 50 48.1 40 - - 
T4I0D 24-0 IO 75.4 90 - - - - 
T410E 52.4 30 31.3 60 16.3 10 - - 
T413A 528 60 110 10 36.3 30 - - - - - 
T413B IOO.O 100 - - - - - - - - - - - 
p = present, quantitative estimate impossible. 
-_ correspondance of anthophllite and talc lines prevents positive identification or talc in anthophyllite -rich specimens 
However, the presence and distribution of the minor amount of serpentine 
and talc in certain of the analysed samples requires further comments. Serpen 
tine occurs as a sparse secondary mineral formed from both primary olivine 
and enstatite in the peridotite adjacent to the vein and from the secondary 
enstatite in the outermost parts of the vein. Likewise, talc is only sparsely 
developed but its distribution is informative. There is a distinct concentration 
of talc at the contact between the enstatite and anthophyllite zones (within 
sample T410A), whilst elsewhere within the vein traces of talc occur marginal 
to anthophyllite or enstatite grains. As argued in the following section, 
appears that both serpentine and talc grew subsequently to the formation of the 
primary metasomatic sequence in the vein. 
PHYSICAL CONDITIONS PREVAILING AT THE TIME OF VEIN FORMATION 
This sectión largely concerns an appraisal of the likely physical conditions 
(T, Pcttcta, P150, 'CO,, etc.) under which the vein formed, in the light of the 
relevant experimental dàta at present available. 
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First, it is important to consider the physical conditions pertaining to the 
metamorphic grade of the enclosing country rocks. These are largely almandine- 
amphibolite facies psammitic gneisses with the assemblage: Quartz -- Perthitic 
Potash Felspar + Plagioclase + Biotite ii_ Muscovite ± Hornblende" Garnet. 















FIG. 2. Relative development of different minerals within the analysed samples as deduced by chemical 
`norm' calculations. The presence of four distinct metasomatic zones is seen: chlorite occupies the 
vein centre and is bounded on both sides by tremolite, anthophyllite, and enstatite in that order 
(olivine represents unreacted material, serpentine developed later). 
contain kyanite, whilst sillimanite development has also occasionally been 
reported -Brueckner (1969), Schmitt (1964). There is also clear evidence of 
local anatexis producing `granitic' fluids during the main metamorphism. 
Eclogite and or amphibolite lenses are common in certain horizons within the 
gneisses. 
Temperatures of about 600 -700 `C seem appropriate for the main regional 
metamorphism but estimates of the load pressures involved vary from 6 -8 kb 
(O'Hara et al. (1971)) to > 8 kb, more likely about 14 kb (Mysen & Heier 
(1972) and Green & Mysen (1972)). 
Let us now consider the question of whether the vein metasomatism may have 
occurred under essentially similar physical conditions to those operating 
during the main regional metamorphism. The answer to this question has 
important implications concerning the timing of the emplacement of the peri- 
dotite bodies. To date Brueckner (1969) has argued largely on structural grounds 
in favour of early emplacement during or before the main metamorphism and 
firstfold episode in the country rocks, whilst O'Hara & Mercy (1963) and 
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FIG. 3. Mineral assemblages in the system MgO -SiO._ H.O expected to be stable at about 2 kb 
P)),,) (largely after Turner, 1968). 
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of much later emplacement after the main regional metamorphism and 
deformation. 
Phase relations in the system MgO -Si0z H2O have been extensively studied 
(see Bowen & Tuttle (1949), Fyfe (1962), Greenwood (1963), and Kitahara 
et al. (1966)) over a wide range of temperatures and pressures. 
Fig. 3 which largely follows Turner (1968) table 4-4, summarizes the mineral 
assemblages expected to be stable in the system MgO -Si02 H2O at various 
temperatures and a water pressure of about 2 kb. Markedly increased P11,() 
only slightly raises the temperature at which the various hydrous minerals 
breakdown. It is therefore apparent that at P 1) of 1 kb or greater, the mineral 
sequence forsterite -> enstatite anthophyllite observed in the vein is only 
expected at temperatures of roughly 680 -750 C. 
Boyd (1954) showed that tremolite is stable with respect to the assemblage 
diopside+enstatite+quartz at temperatures up to 850 C at P110 = 1 kb and 
also on the basis of the study of phase relations along the join 
Mg3.5Fe3.5Si8022(OH)2- Ca2Mg2.;Fe2.;SisO22(OH)2 
at P11,0 = 2 kb by Cameron (1971), it is reasonable to predict that the assem- 
blage anthophyllite+tremolite would be stable relative to talc+tremolite 
(lower T assemblage) and enstatite +tremolite (higher T assemblage) over the 
temperature range of about 650 -720 °C at P11.o = 2 kb. 
Similarly studies of phase relations in the system MgO -A1203 Si02 H2O by 
Yoder (1952) and Fawcett & Yoder (1966) have shown that the magnesian 
chlorite- clinochlore is expected to remain stable in quartz -free assemblages to 
temperatures of about 720 CC at P11,_0 = 2 kb and markedly higher temperatures 
at higher water -pressures (e.g. 830 °C at P11,0 = 10 kb). Thus one can predict 
that the assemblage chlorite ;anthophyllite is probably stable over the tempera- 
ture range of about 650 -720 °C at P11,0 = 2 kb. Fig. 4 summarizes the expected 
mineral assemblages at P110 = 2 kb and temperatures of 700 °C and 450 CC 
in both the MgO- CaO- Si02 -H20 and MgO -A1203- Si0z H2O systems. 
In conclusion, the available experimental data suggest that the observed 
mineral sequence forsterite - enstatite anthophyllite tremolite - chlorite 
can have formed at temperatures of roughly 700±20 °C at PF1,0 of about 2 kb, 
or greater. As already discussed, temperatures of that order seem appropriate 
for the main regional metamorphism of the enclosing gneisses, whilst Ptotnl 
was certainly greater than 6 kb, more likely about 10-14 kb. Either Pr1,0 was 
significantly less than Ptflti1 during the metamorphism, as suggested by the 
common occurrence of eclogites, or at least there was a sharp drop in the 
activity of H2O across the country rock /peridotite and fracture vein /peridotite 
contacts. 
Accepting the structural arguments put forward by Brueckner (1969) for 
early emplacement, and bearing in mind the widespread development of small 
amounts of secondary enstatite, tremolite, and chlorite in the peridotites 
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FIG. 4. Mineral assemblages expected at P11.,, 2 kb and 450 and 700 'C for the systems Mg0- 
CaO -Si0 H10 and MgO -AI03 Si0_ -H_0. Abbreviations used: fo- forsterite, en- enstatite, 
anth- anthophyllite, tr- tremolite, di- diopside, cl- clinochlore, ame- amesite, cord_cordierite, 
sill -sillimanite, serp -serpentine, mo- montmorillonite, py- pyrophyllite, and -andalusite, Sp- 
spinel. 
throughout this region. it seems eminently reasonable to conclude that the 
growth of these minerals as exemplified by the metasomatic vein in question, 
occurred during the main metamorphic and migmatitic event affecting the 
region. 
it is also clear (see Fig. 3) that serpentine and talc cannot have formed 
during the same high- temperature metamorphic event, but rather formed as 
secondary minerals in the presence of residual water at temperatures of the 
m 
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order of 400 -500 °C during the subsequent cooling history. The petrographic 
evidence that talc is concentrated between the enstatite and anthophyllite zones 
enhances this argument. 
THE CONCEPT OF LOCAL EQUILIBRIUM IN OPEN SYSTEMS 
It has been known amongst metallurgists for many years that high- tempera- 
ture solid -state reactions proceed via intermediate stages characterized by 
sharply defined (often monominerallic) zones. These apparently develop as a 
result of two -way diffusion with simultaneous reaction in response to maintained 
concentration gradients. 
The geological significance of this style of reaction was also noticed long 
ago (Read, 1934) and was actively investigated by the Russian School, led by 
Korzhinskii (1959 for review in English) who sought to develop a theory of 
metasomatism that was generally applicable. More recently Thompson (1959) 
once again drew the attention of western geologists to `local equilibrium' 
theory. There followed an extended and heated discussion of the true value of 
the whole `metasomatic phase rule' approach (Weill & Fyfe, 1964, 1967; 
Korzhinskii, 1964, 1967; and Thompson. 1970). 
In the opinion of one of us (C. D. C.) this discussion had the rather unfor- 
tunate result of clouding the issue rather than resolving matters. Serious criti- 
cisms of the Korzhinskii- Thompson phase -rule approach were made which 
were not clearly answered. An impression was left that the whole approach was 
suspect, yet physical chemists for years have been studying systems with 
simultaneous diffusion and reaction. Their behaviour is very well known as is 
amply illustrated by such basic texts as Crank (1957) and Jost (1960). There is 
thus no need to define behavioural patterns in terms of `perfectly mobile' or 
`immobile' components and the resulting `metasomatic phase rule' is of little 
predictive or interpretive help in understanding real systems. In fact it is difficult 
to see exactly how the rule is meant to be applied constructively. Certainly it 
cannot give information about the relative juxtaposition of different mono - 
minerallic zones nor about the relative dimensions of those zones. These are the 
factors of principle interest to geologists studying metasomatic systems. 
The real value of the `local equilibrium' approach resides in the fundamental 
postulate. As defined by Thompson (1959) this is: `Equilibrium tends to be 
maintained locally within a reacting system even though the system as a whole 
may be distinctly out of equilibrium.' An alternative definition which draws 
attention to the essentially kinetic assumptions implicit is `provided that 
the rate of material transfer within a reacting system is much less than the rate 
of reaction between components, reaction will proceed via compositionally 
distinct zones separated by sharp compositional discontinuities'. That this must 
be so was illustrated by Thompson (1959) although a slight element of uncer- 
tainty might have been introduced by the statement (p. 434) that `... a diffusion 
process can actually produce discontinuities in bulk composition where none 
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existed before'. A more general conclusion from the same treatment would 
have been `in spontaneous metasomatic processes major sharp compositional 
discontinuities tend to be replaced by a number of lesser, although still sharp, 
compositional discontinuities'. Periclase and cristobalite in contact would react 
to give forsterite and enstatite intermediate zones with lesser, although sharp, ' 
compositional boundaries between each phase. Such a statement is also less 
at variance with classical thermodynamic reasoning. 
THE MECHANISM OF VEIN FORMATION 
Local equilibria in vein metasomatism: reaction style 
It has been argued that the mineral zones at Kalskaret developed at high 
temperatures (-e 700 `C) and pressures. It seems likely that chemical reactions 
within silicate assemblages proceed via the intermediary of some fluid phase 
(obviously supercritical here) in which chemical constituents of the assemblage 
have finite solubilities. In an elegant series of experiments, Vidale (1969) 
demonstrated the importance of such fluids by producing typical metasomatic 
calc -silicate assemblages under hydrothermal conditions in the laboratory. 
It was found that reaction was favoured by: 
(a) increasing temperature 
(b) increasing pore fluid content 
(c) increasing salt content of the pore fluid 
Direct evidence of the presence of such salt -rich fluids is offered by fluid 
inclusion data. A comprehensive literature survey (including very extensive 
Soviet investigations) together with an excellent summary of both data and 
interpretation has been published recently by Roedder (1972). By far the most 
common type of inclusion material consists of a low- viscosity liquid with a 
gas bubble. The liquid almost invariably turns out to be a strong salt solution 
and the gas is dominated by either water or carbon dioxide. Roedder (1972; 
p. 58) states `the residual fluids from the crystallisation of most igneous rocks 
also are strong sodium chloride brines as evidenced by the common presence 
of halite daughter crystals in their inclusions'. 
Following from this survey and from the experimental demonstration of 
zone development, it is not unreasonable to postulate that the Kalskaret 
(acid) country rocks were permeated by supercritical fluids containing Si02, 
A1..03, Na -, K`, Ca'=, Sol Cl -, with H.,O and some CO., as `solvent'. It is 
noteworthy that Mg'} is seldom recorded in fluid inclusions from quartz or 
quartz containing assemblages even though it is normally a major constituent of 
saline brines and inclusions in evaporite minerals. The metasomatic assemblages 
described here presumably developed by reaction of ultrabasic (peridotite) 
material with these fluids or, more likely, the fluids acted as a medium for 
peridotite /acid country rock reaction. Another way of looking at this is to 
think in terms of catalytic activity of the pore fluids with their great capacity 
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for carrying chemical constituents in solution. Reaction was not purely cata- 
lytic, however, since hydrous zonal minerals demonstrate direct reaction between 
peridotite and pore fluids. 
The final `true equilibrium' configuration 
Classical thermodynamic reasoning suggests that a small volume of perido- 
tite allowed to react with a large volume of (say) quartz- muscovite -biotite- 
potash felspar -oligoclase gneiss would equilibriate with an increase in biotite 
content (slightly higher Mg Fe ratio) with minor adjustments to the proportions 
of other phases. 
In general terms, reaction of peridotite should lead to total conversion to the 
ferromagnesian member of the country rock assemblage stable under the pre- 
vailing regional conditions. Total conversion of the Kalskaret body to biotite, 
for example, would be truly stable in the sense that one very large biotite crystal 
would be. The activities of all species would be the same at all points in the 
entire system. 
The metasomatic zoned bodies of Unst, Shetland, described by Read (1934), 
and Curtis & Brown (1969), formed by reaction of serpentine with oligoclase- 
biotite gneiss. The outermost reaction zone, always in sharp contact with 
country rock, invariably was pure, monominerallic biotite, exactly as suggested 
by the example given above. In the Kalskaret case, the central part of the vein 
represents the closest approach to the outermost zone in contact metasomatic 
assemblages. That this is chlorite might perhaps suggest that the regional 
conditions prevailing at the time of reaction were chlorite -grade. The composi- 
tion of the chlorite, however, is far from that expected in an acid environment, 
being very much more magnesian, and the country rocks are usually free from 
any sign of chlorite. One obvious explanation is that the innermost (chlorite) 
zone is not fully in equilibrium with the country rock in the sense that the 
outermost zone of a contact assemblage is. In the Unst assemblages, for ex- 
ample, chlorite was always present and tended to form the second outermost 
zone. Again the chlorite was magnesium -rich. If the relationship between vein 
and contact metasomatism is as depicted in Fig. 1, material involved in the 
vein reaction must have traversed the contact zone and is likely to have been 
modified by reaction in that region. The vein sequence, therefore, probably 
does not represent a complete metasomatic assemblage. Any simple test of this 
hypothesis is precluded by field exposure or rather the lack of it in this particular 
instance. Biotite, however, has been observed in the contact metasomatic 
assemblage of other peridotite bodies in the Tafjord area. 
Initiation of reaction 
Fig. 5 outlines, in schematic fashion, the probable composition of the 
hydrous reaction fluid. This would have finite activity levels for all the common 
rock -forming metals and water. Contrast this with the probable composition 
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of any fluid in equilibrium (at the same T, P) with an olivine -dominated' 
assemblage. 
Now consider the outcome of connecting these two fluids. There would la 
immediate spontaneous diffusion of material down concentration gradients.' 
Si, Al, H2O, etc. would migrate into the pore fluid associated with the perido. 
tite mass. Mg would migrate outwards for the same reason. It is important to 
EXTERNAL P T 10kb. 700°C 












FIG. 5. Involvement of pore- fluids. Country -rock pore fluid would be dominated by alkali halides, 
H2O and CO_ with significant Si, Al. Ca, Fe. etc. Any link between this and fluids in equilibriumwiih Í 
peridotite at the same T, P (Mg, CO, -rich. H2O, Si -poor, etc.) %%ould cause spontaneous inward 
migration of Si, Al, H20, and outward migration of Mg. Solid /fluid reactions would precipitateness 
solids and maintain diffusive migration tendency. The ultimate assemblage would be dictated by the 
semi- infinite volume of country rock acting as a buffer. 
note, however, that all points within a fluid system must be electrostatically 
neutral. This means that in net movement all cationic species must either be 
accompanied by anionic species or the charge effect must be negated by the 
counter movement of a different cationic species. Ionic diffusion is thus seen 
to be subject to rather complex controls. In the present example is is likely that 
inward migration of Ca21- and A13- would be linked with outward migration 
of Mgt+ as well as with individual ion concentration gradients as stipulated by 
Fick's Law. Further restrictions are imposed by reactions between fluid and 
solid. 
This simple analysis tells us something about the initiation of reaction whereas 
the thermodynamic analysis of the preceding section tells us what the ultimate 
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reaction product ought to be. But neither can tell us anything about the incom- 
plete reaction stage that constitutes a metasomatic assemblage. Undoubtedly 
the assemblage olivine -enstatite -anthophyllite -tremolite- chlorite is unstable 
just as is the cristobalite -enstatite -forsterite- periclase assemblage cited in 
Thompson's (1959) illustration. To make sense of these assemblages it is essential 
to return to the `Principle of Local Equilibrium'. 
Local equilibrium in vein metasomatism 
Analysis of `reaction tendency' from Fig. 5 suggests establishment of con- 
centration gradients. Provided that equilibrium between pore fluid and solid 
phases is reached rapidly relative to component migration within the pore fluid, 
local equilibrium conditions should prevail and metasomatic zonation develop. 
The character of the reaction intermediate state may be inferred directly from 
the actual zonal sequence of solid phases preserved -this is outlined in Fig. 6. 
Consider the pore fluid phase. Reaction at the chlorite /tremolite front 
removes A13- from the fluid phase in converting tremolite to chlorite (this is 
accompanied by migration of the front). In the reaction silica, water and cal- 
cium are also involved but the inward migration flux of aluminium is terminated 
whereas silica, water, and calcium pass on through. In other words the activity 
level dictated by the assemblage tremolite plus chlorite plus fluid is sufficiently 
low to prevent aluminium taking part in any further replacement reaction. 
This low level is maintained at the front and is responsible for preserving the 
concentration gradient, thereby ensuring continued inward migration of 
aluminium. 
By similar reasoning, Cat+ is seen to be the critical ion at the tremolite/ 
anthophyllite front and its immigration is terminated there with only silica and 
water passing beyond. Analogous reasoning leads to the four stage (Al, Ca, 
H2O, Si) model that is Fig. 6. Equilibrium is maintained at all points within 
the reacting system although no two points taken in a line perpendicular to 
the vein have identical composition. This is always true for the fluid phase 
but may not be so for the solid phase; hence the apparent compositional 
discontinuities. 
The above interpretation takes no account of two alternative reactions that 
might be responsible for the anthophyllite and enstatite fronts. Silicification and 
hydration are inferred to be more or less independent processes, yet the 
Si(OH)7 species (which is present in dilute aqueous solutions) would liberate 
water at the olivine /enstatite front. It is by no means certain that this silica 
species is present in high- temperature salt solutions. Further discussion of 
actual reactions seems pointless in the absence of factual information about the 
composition of such solutions. 
The second point also concerns the enstatite and anthophyllite fronts. 
Mg2+ must diffuse outwards from the system into the vein fluid. If the Mgt+ 
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equilibrium with the solid assemblage olivine plus enstatite, olivine will spon- 
taneously alter to enstatite, liberating Mg2+ ions. A good analogy is removal of 
heat from the system ice plus water: the temperature does not fall until all water 
is converted to ice. An externally applied temperature low is responsible for 
the migration of a phase transition front (water,'ice). Similarly, an externally 
applied Mgt +activity low is responsible for the olivine -enstatite transformation. 
There is no real discrepancy, however, between this interpretation and the 
earlier one (Fig. 6) suggesting inward silica flux. Both are partially correct as 
can be seen from an analysis of the simplest replacement front -tremolite 
anthophyllite. The replacement reaction is: 
Mg;Si3O_,.,(OH)., 2Ca2- = Mg3Ca.2Si8O22(OH)2 -2Mg2 
(Local) Equilibrium may be described by the expression: 
K I'rim'anthmph. = 
a "" (Activity of solids -- unity) - 
either an increase in Mg'+ activity or a decrease in Ca'- activity will drive the 
reaction in the direction of anthophyllite. Only at this specific activity ratio may 
both solid phases stably coexist. The tremolite front in Fig. 6 therefore occurs 
at that point in the system where the values of Ca'- and Mg=+ activity satisfy 
this condition. A similar (although more complex) condition may be written 
for each of the other fronts. 
The meaning of mobility 
The zonal sequence in the Kalskaret vein appears to represent a clear -cut 
example of a metasomatic process in which equilibrium between pore fluid and 
solid phases was maintained locally. At the outset of reaction migrating pore 
fluids reacted with vein walls and four very thin zones developed. These migrated 
inwards as reaction proceeded to constitute four replacement fronts. Had 
reaction gone to completion, all the peridotite would have been converted to 
enstatite and the enstatite successively replaced by anthophyllite, tremolite, 
chlorite, and, presumably, biotite. 
Reaction would then have ceased since biotite, being a member of the country - 
rock assemblage would have no tendency to react with country -rock pore 
fluids. The fundamental characteristic of this reaction is that the peridotite 
equilibriated with the migrating fluids one component at a time. This picture is 
less obvious from the solid -phase sequence than from the probable reacting 
system configuration. The essential nature of a boundary (front) is that it 
separates (at any point in time) a region of flux from a region of zero flux for 
one component. In the case of the peridotite /enstatite boundary it is not clear 
whether this was the maximum inward extent of the inward Si flux or the out- 
ward Mg flux or possibly both. The Al and Ca fronts are unambiguous. 
The reacting metasomatic system may therefore be regarded as a series of 
7," 
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reaction fronts which pass all ions except one: this is the critical front - 
determining ion. It is not difficult to envisage a realistic thermodynamic basis 
for this: the factor which determines which particular ion will be removed at a 
given front is the free energy released in that particular replacement reaction as 
opposed to the free energy released by possible alternative replacement reac- 
tions. It will depend upon the free energies of the two solids involved, upon the 
free energies of the solvated species involved, and upon their concentration 
levels. Free -energy considerations of this type therefore will determine the 
nature of a given metasomatic sequence. The relative width of the zones will 
depend upon kinetic factors such as the concentration differentials present and 
upon individual species diffusion coefficients. 
All this leads to an interesting appraisal of `mobility'. One thing is clear: 
simple considerations of ionic size or charge or even of measured solid or solu- 
tion diffusion rates relate only to mobility within an inert system. The geologist 
examining metasomatic phenomena is looking at systems that have reacted. 
Solvated species migrate in response to concentration gradients. These gradients 
are maintained whenever a replacement reaction involves the particular solvate 
species or ion in question. The maximum migration of any ion depends on the 
nearest replacement front of the special type for which the ion is `critical'. The 
presence of anions such as Cl - and SO1- increases the capacity of fluids to 
transport cations but they will not be effective in replacement reactions unless 
conditions of the type described above are met. 
Departure from perfect :onalrty 
The development of the model of Fig. 6 from the real mineral assemblages 
seen in Fig. 1 neglected compositional overlap. The only truly monomineralic 
zone is the chlorite zone. All others show varying degrees of complexity, this 
generally increasing away from the central chlorite zone. There is one simple 
and fairly obvious explanation for this in terms of the model already proposed. 
Unless the rate of component migration through the fluid pore space is much 
faster than the rate of equilibration between pore fluid and solid, the boundaries 
between zones must be diffuse. In the limiting case of the total reverse situation 
(i.e. diffusion rate much faster than reaction rate), there will be no tendency for 
zonal development. All types of intermediate situation have been investigated 
experimentally and complete mathematical analyses are available in basic 
texts (Crank, 1957; Jost. 1960). 
In the case of metasomatic zonation developed in ultrabasic bodies in Unst 
(Curtis & Brown, 1969) it was argued that boundaries in multi- component 
systems should become increasingly diffuse away from the initial compositional 
discontinuity. Such is also the case in the present work. 
Hofmann (1972) has extended Korzhinsky's treatment of infiltration metaso- 
matism to take account of well- developed chromatographic theory. It is thought 
that the presence of anhydrous phases in the assemblages being interpreted ill 
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the present paper is sufficient evidence to reject the chromatographic model 
which relies on solvent movement for material transfer. 
CONCLUSIONS 
The mineralogy and geochemistry of a complex silicate assemblage vein 
cross -cutting a peridotite body at Kalskaret, Norway has been described in 
some detail. The principle minerals (enstatite, anthophyllite, tremolite, and 
chlorite) are concluded to have developed simultaneously in a zoned sequence 
by reaction between the peridotite body and both supercritical fluids and acid 
country rock (via the fluids) during the main regional metamorphic event. 
A second reaction phase (possibly a much later stage of the same regional 
event) caused certain lower temperature phases (notably talc and serpentine) 
to grow on a small scale throughout the ultrabasic bodies and the metasomatic 
vein assemblages. 
One interesting and perhaps important finding of the study was the undoubted 
presence of enstatite as a zonal mineral. Enstatization therefore occurred as a 
metasomatic process on this very small scale and suggests the possibility of the 
same or a similar mechanism accounting for the development of the enstatite- 
rich, ultrabasic masses which occur in some parts of this region of southern 
Norway. 
A considerable part of the discussion was devoted to largely hypothetical 
considerations of the nature of the controls acting upon this classic example 
of metasomatic alteration. There were many features in common with an earlier 
described example of contact metasomatic alteration (Curtis & Brown, 1969, 
1971). The same basic explanation for reaction was found to be valid: each 
reaction front representing equilibration with respect to a single important 
chemical species. Zoned metasomatic assemblages represent step -by -step 
adjustment (partial equilibration) one component at a time, to the over -all 
component activity levels determined by country rock (regional) conditions. 
In this sense, metasomatic assemblages may be able to provide much more 
information about regional conditions than true equilibrium assemblages. 
Further work not only is required but seems eminently worth while. 
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Trace -Element Distribution and Ore Formation 
in Vein -Metasomatised Peridotite at Kalskaret, Near Tafjord, South Norway 
R. Kanaris- Sotiriou, F.G.F. Gibb, D.A. Carswell. and C.D. Curtis 
Department of Geology, The University of Sheffield. SI 3.I D. Great Britain 
Abstract. The concentration profiles of the trace ele- 
ments. S, Ti, V, Cr, Mn, Co. Ni. Cu. Zn, Sr. and 
Y have been determined across a metasomatic vein 
in peridotite. The introduced elements Ti. V. Sr. and 
Y show specific enrichment in particular silicate 
phases in accordance with the availability of suitable 
lattice sites. In contrast. the other introduced trace 
elements (Cu and S) behave more like the redistrib- 
uted elements, Cr, Ni. Mn, and Co which do not 
show concentration ' fronts' that can be simply related 
to the silicate minerals. Concentration of pentlandite. 
chalcopyrite, and Cr- magnetite near the boundary be- 
tween anthophyllite gives 
to maxima in the Ni, Cu, S. and Cr distributions, 
while in the chlorite zone significant concentrations 
of Cr and Ni occur in the chlorite itself. Control 
of the distribution of Ni, Cu, and Cr is ascribed to 
the oxidation /reduction reactions involved in the for- 
mation of pentlandite, chalcopyrite and Cr- magnetite, 
together with the critical role of Al in limiting chlorite 
formation during metasomatism. 
Introduction 
The mineralogy and major- element geochemistry of 
a complex assemblage of silicates in a vein cross- 
cutting a peridotite body at Kalskaret. Norway, have 
previously been reported in some detail (Carswell 
et al., 1974). The symmetrically zoned sequence of 
vein minerals on either side of a fracture in the perido- 
tite was concluded to have developed by the reaction 
of the peridotite with supercritical hydrous fluids that 
originated from the acid gneiss country rocks. Each 
half of the sequence is around 10 cm thick with a 
common central zone of chlorite occupying the posi- 
tion of the fracture and zones of tremolite, anthophyl- 
lite and enstatite between this and the peridotite on 
either side (Fig. I). 
The sequence is believed to have formed at tem- 
peratures of about 700°C and at a P1,,,31 of greater than 
6 kb. A later reaction episode was thought to account 
for the presence on a small scale of lower temperature 
phases (talc and serpentine) which occur to a limited 
extent throughout the ultrabasic bodies and in the 
metasomatic vein assemblage. Ultramafic fracture as- 
semblages from Almklovdalen. further west in the 
Norwegian Basal Gneiss Complex, have been tenta- 
tively dated as having formed in the late Caledonian 
(c. 400 m.y.) by Brueckner (1975), although it was 
recognised that the metamorphic histories of the ul- 
tramalic bodies may extend as far back as the Sveco- 
fennian (1600 -1800 m.y.). 
It was suggested (Carswell et al., 1974) that each 
mineral zone represented a local attainment of equili- 
brium, although overall the reaction was incomplete. 
The outer boundary (towards the peridotite) of each 
zone was thought to represent the limit of penetration 
of the particular chemical species from the fluid con- 
trolling the growth of the mineral phase forming that 
zone. In this way. the zone 'front' for chlorite was 
determined by Al'-. tremolite by Ca- , anthophyllite 
by H2O and enstatite possibly by Si(OH) °4. With 
progressive influx of fluids all zones simultaneously 
expanded towards the peridotite. 
The study is here extended to the trace elements 
of the same sequence, with a view to establishing 
the ways in which the distribution of these elements 
may be controlled in metasomatic systems of this 
type. Detailed elemental distributions for other exam- 
ples of similar complexity to the Kalskaret vein se- 
quence do not appear to have been recorded although 
work illustrating the mobility of Ni in altered ultra- 
mafic rocks has been reported (e.g., Rucklidge (1972), 
Eckstrand (1975), and Groves et al. (1974)). Curtis 
and Brown (1971) discussed trace -element behaviour 
in the zoned metasomatic bodies of Unst, Shetland 
but, in case, the complete zonal sequence is rarely 
seen. 
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Fig. I a and b. Chemical and mineralogical variations across the Kalskaret metasomatic vein. fa) .hou. (Iopl the ca riation in ntajot 
silicate mineral contents and the position of the sulphide .onccntration which accounts for up to (I. inn by volume of the rock. Plotted 
below are the distributions of the various trace elements. (b) shows the corresponding critical variations in major clement geocliemistnl 
The same bulk samples from the Kalskaret vein 
that were previously analysed for major elements were 
used for the determination of trace elements by X -ray 
Fluorescence Spectrometry using pressed- powder spe- 
cimens. The elements determined were Zr, Y, Sr, Rb, 
Zn, Cu, Mn, V, Ni, Cr, Co, Ba, and Pb, but of 
these Zr, Rb, Ba, and Pb were close to the limit 
of detection (about 2 ppm) and showed little varia- 
tion. The remaining trace- element contents are plot- 
ted in Figure 1 a together with values for Ti and S 
determined by XRFS using a fusion sample prepara- 
tion technique. A schematic representation of the 
mineralogy of the sequence as determined by a combi- 
nation of X -ray diffraction modal analysis and nor 
mative calculations is given in Figure I a. 
Sources of the Trace - Elements 
The following assumptions have been made in attempting to esnb 
lish the sources of the various elements: 
(a) The trace elements contained in the zonal sequence were 
derived either from the original peridotite or were introduced with 
the incoming fluids. 
(b) The original trace elements within the peridotite were uni- 
formly distributed on the scale of a hand specimen. 
(c) Any volume changes as a result of the metasomatism were 
relatively small and /or uniformly distributed over the region 
of 
the peridotite affected. 
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Table I. Electron microprobe partial analyses of Kalskaret silicate 
and oxide phases 






Oxide 33.29 0.13 45.84 3.91 
F.nstatite 0.02 0.11 n.d. n.d. 
Anthophyllite 0.04 O.I2 n.d. n.d. 
Enstatite Chlorite A 2.16 n.d. n.d. n.d. 
Chlorite B 1.96 n.d. n.d. n.d. 
Chlorite C 1.64 0.23 3.25 15.35 
Oxide 34.38 0.11 36.85 7.21 
Anthophyllite 0.03 (l. l I n.d. n.d. 
Anthophyllite Chlorite 1.55 (1.211 3.37 15.411 
Tremolite 0.03 11.111 n.d. n.d. 
Talc (1.1)3 (1.18 n.d. n.d. 
Oxide 29.15 (1.3' 45.40 7.18 
Anthophyllite 0.03 0.11 n.d. n.d. 
Trcmolitc Chlorite A 11.60 0.22 3.25 17.29 
Chlorite 13 1).72 (1.18 n.d. n.d. 
Trcmolitc 0.01 0.13 n.d. n.d. 
Chlorite Chlorite 0.17 0.25 3.37 16.76 
n.d. =not determined 
' ZAF correction factors derived from mineral compositions 
calculated from bulk analyses except for oxide for which a spinel 
composition of similar Fe. Cr. and .Al cornent was used 
If these conditions are accepted it seems clear that elements 
occurring in much greater quantities overall in the zonal sequence 
than in the relatively unaltered peridotite must have been in- 
troduced by the metasomatizing fluids. Components of this type 
are Ti. V. Sr. Y. Cu. and S. all of which occur in virtually negligible 
quantities in the peridotite and yet show a significant build -up 
in various parts of the vein sequence (see Fig. I i. By contrast. 
Co. Mn. Cr. and Ni all occur in adequate quantities in the perido- 
tite to account for the amounts of these elements present in the 
zones. 
A sample of peridotite. T156 (90% olivine. 7 "" chlorite and 
3 "[U opaque minerals). from an adjacent body unaffected by vein 
metasomatism has whole -rock contents of 0.30 wt Ni and 0.25 
wt / Cr (Carswell. 1968) which are close to the values found 
for the least -altered zone of the present example (T412A) which 
has 0.25 wt % Ni and 0.26 wt % Cr. 
Trace -Element Contents of the Minerals 
It is evident from Figure I that there is only a limited correlation 
between the distribution of the various trace elements and the 
silicate phases forming the bulk of the metasomatic sequence. For 
example, peaks in the Cr, Ni, and Cu distributions are located 
near the .¡unction between the enstatite and anthophyllite zones. 
These particular trace elements do, however, show a strong correla- 
tion with the sulphur content, indicating that they may be in part 
associated with phases other than the silicates. The mineralogical 
distribution of these trace elements has been ascertained by electron 
microprobe analyses of both silicate and opaque phases. Sulphides 







S 33.1 33.3 32.7 32.7 35.0 32.81 
Cu 0.0 (l.(I 0.14 0.0 0.0 
Ni 32.6 34.5 32.7 33.1 28.6 35.12 
Fe 33.6 32.7 34.8 33.0 34.3 29.48 
Co n.d. n.d. n.d. 0.57 0.55 2.20 
Total 99.3(1 1110.51) 1011.34 99.37 98.45 99.61 
" Average of twenty pentlandite analyses from pentlandite -pyrr- 








S 34.4 34.8 34.95 
Cu 34.5 34.6 34.20 
Ni 0.13 0.22 
Fe 29.8 29.8 30.65 
Co 0.04 0.05 
Total 98.87 99.47 99.80 
h Average of three chalcopyrite analyses from Dana's System 
of Mineralogy. Vol. I. (Palance. Berman and Fronde!. 1958) p. 
221. analyses 1. 2. and 6 
and oxides are common constituents of the samples and both are 
relatively concentrated in the region of the boundary between the 
enstatite and anthophyllite zones. The sulphide phase is mainly 
pentlandite with minor chalcopyrite intergrowths. The microprobe 
analyses of these sulphides are similar to previously reported corn- 
positions (see Table 2). The oxide phases are identified as Cr -rich 
magnetite (see Table I ). with lesser amounts of Cr -free magnetite. 
The Cr -rich magnetite may be classified as a ' ferritchromit' (Span - 
genberg. 1943) the occurrence of which may be of some genetic 
significance (see later). Original (i.e.. peridotite derived) chromite 
is not found in the Kalskaret vein sequence. but evidence from 
nearby peridotite bodies suggests that chromite was almost cer- 
tainly the source of Cr. Sample T156 (unaltered peridotite from 
an adjacent body) contains chromite with approximately 40 wt 
% Cr and olivine with 0.3 wt % Ni. 
It is evident from Table I that. with the exception of chlorite, 
the contents of the quantitatively important trace elements. Cr 
and Ni. in the silicate phases show remarkably little variation 
both between different grains of the same phase and between differ- 
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Fig. 2  Variations in modal 11 chlorite (top). Cr content of chlorite 
(determined by EMP analysis) (centre) and Cr: Al ratio (bottom) 
across the vein 
In contrast to the Ni content of the chlorite which shows a compar- 
atively small variation (0.18-0.25 wt % Ni) the Cr content exhibits 
a wide range (0.17 -2.16 wt % Cr) and varies systematically across 
the zonal sequence. The lowest values for Cr content occur in 
the chlorite zone itself (see Fie. 2). the Cr content decreasing with 
increasing chlorite concentration in the zonal sequence. 
Zonal Trace- Element Distributions 
As previously noted, only limited correlation exists 
between the distribution of the various trace elements 
and the silicate phases and this is due to the incorpo- 
ration of significant quantities of some elements into 
the opaque phases. 
The exact coincidence of the distributions of Cu 
and S throughout the sequence and the identification 
of chalcopyrite as one of the opaque phases indicates 
that Cu occurs almost entirely in the chalcopyrite 
and. like the S, has clearly been introduced during 
the metasomatism. 
The distribution pattern of Ni is irregular, rising 
to a peak between the enstatite and anthophyllite zones, 
and then decreasing into the tremolite zone before 
increasing again in the chlorite zone. In the part of 
the sequence (around sample T4I0A) where the sul- 
phides are concentrated (about 0.5% by volume) Ni 
in the pentlandite (about 33 wt % Ni) accounts for 
a large proportion of the Ni in the bulk sample. To- 
wards the fluid channel it is obvious that chlorite 
becomes the most important host for Ni, with the) 
whole -rock Ni content of 0.18 wt % being in reason 
able agreement with the microprobe value of 0,2i 
wt % Ni for chlorite in the chlorite zone. Apart from 
the obvious peak corresponding to the concentration 
of pentlandite, the Ni distribution pattern closely fol. 
lows that of Mg (Fig. la and by 
This is not unexpected as Mg and Ni vary sympa. 
thetically in almost all rocks. It is clear that there 
has been an overall loss of Mg, Ni and Fe from 
the metasomatic sequence rather than any influx. 
The Co and Mn contents also show a gradual 
decrease towards the fluid channel with only minor 
irregularities. 
The distribution pattern of Cr, like Ni, is ven 
irregular. Cr rises to a peak in sample T4I0A in 
which it is located in chrome -magnetite (about 3i 
wt % Cr). chlorite (about 2 wt % Cr) and anthophvl. 
lite (about 0.04 wt % Cr). The Cr content then drop 
steadily outwards from the enstatite /anthophyllitt 
boundary to the tremolite zone, but then increases 
again in samples T4I3A and T413B. This increase 
is due to the progressively larger amounts of Cr -bear. 
ing chlorite in this part of the vein (see Fig. 2) even 
though the chlorite itself has a considerably lower 
Cr content (about 0.17 wt % Cr) in comparison with 
the chlorite in sample T410A. 
Brady (1977), from a theoretical standpoint, 
offered a completely novel geological explanation for 
the Kalskaret vein sequence. namely, that it was ini- 
tially a granitic dyke. The justification for this was 
that it is difficult to envisage movement of an 'imma 
bile' species such as Al (the critical element in chlorite 
formation). Because of this. Brady suggested that the 
initial wall- rock /'fluid' channel boundary in melaso- 
matically zoned systems of the Kalskaret type mal 
be identified by discontinuities in the weight ratios 
of two components such as Al and Cr. In the present 
example the Al: Cr ratio decreases steadily from the: 
peridotite to the centre of the chlorite zone (see Fig. 21 
without any such discontinuity. There is therefore 
no evidence, using Brady's own criterion, to support 
his implication that the chlorite zone does not repre- 
sent part of the altered peridotite. His alternativemo 
del, that the fracture may have been originally 
occupied by granitic material. is consequently unto 
able and in any case does not fit the observed field 
relationships. 
Of the undoubtedly introduced elements, V and 
Ti have distributions that show a direct correlation 
with chlorite content. Both elements apparently sub 
stitute for Al' in the chlorite. In contrast, the grit; 
ing restrictions of Sr and Y to the tremolite zone 
indicate that these elements have predictably subso 
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tuted for Ca- ` and are preferentially incorporated 
into the tremolite lattice. 
The various introduced trace elements therefore 
tend to show quite specific concentration in particular 
mineral species in accordance with the availability 
of suitable lattice sites for their incorporation. This 
behaviour contrasts markedly with that of the re- 
distributed trace elements, notably Ni and Cr, which 
do not show such simple concentration ' fronts' prob- 
ably because these elements were originally present 
throughout the region of the peridotite that has un- 
dergone reaction. 
Origins of the Trace -Element Distributions 
The distributions of Ti. V. Sr. and Y are compatible 
with the previously proposed mechanism for the 
origin of the zoning (Carswell et al., 1974), each of 
these incoming elements being preferentially incorpo- 
rated where lattice sites are favourable. The behaviour 
of the Cr and Ni derived from the peridotite and 
the Cu introduced via the incoming fluids is less easily 
understood. Several possibilities exist. based on the 
following observations: 
(a) The Cr. Ni. and Cu distributions show coinci- 
dent maxima at the junctionof the enstatite and an- 
thophyllite zones. This position also marks the transi- 
tion from anhydrous to OH- bearing phases in the 
zonal sequence. 
(b) A concentration of talc and magnetite occurs 
at the same position. 
(c) At the position of maximum concentrations 
of Ni and Cu, i.e., in the 'sulphide zone', these ele- 
ments occur mainly in pentlandite and chalcopyrite 
respectively. 
(d) In the chlorite zone most of the Ni occurs 
in the chlorite itself, pentlandite being absent. 
(e) The Cr is mainly located in chlorite in which 
the concentration of Cr varies systematically across 
the sequence, and in chromiferous magnetite which 
exhibits a maximum concentration in the 'sulphide 
zone'. 
(f) The Cr and Ni contents of the zonal sequence 
were derived from the original peridotite where the 
Cr was located in the chromite and the Ni in the 
olivine. Cu and S were introduced via the incoming 
fluids. 
It was previously, suggested (Carswell et al., 1974) 
that the talc and serpentine were low temperature . 
reaction products formed after the main zonal 
sequence was established. In view of the correlation 
between the `sulphide zone' and the talc -oxide con- 
centration it is appropriate to consider here whether 
the location of the Cr, .Ni and Cu was related to 
either the high or low temperature reaction episodes 
or to both. 
The occurrence in the zonal sequence of a chromif- 
erous magnetite may reveal something about the way 
the original chromite has been broken down and the 
chromium relocated in other phases. Bliss and 
McLean (1975), cite numerous reported instances 
where the breakdown of chromite to form ferrit- 
chromit ±chlorite has occurred in serpentinites, al- 
though this reaction has been variously ascribed to 
the serpentinisation process itself, to the subsequent 
metamorphism of the serpentinite or to alteration 
prior to serpentinisation. Although ferritchromit 
(Spangenherg, 1943) does not represent a specific 
composition of chromiferous magnetite. the charac- 
teristic features of the reaction seem to have some 
uniformity, with the ferritchromit being relatively 
depleted in Mg and Al (and sometimes in Cr) and 
enriched in Fe relative to the parent chromite. Beeson 
and Jackson (1969), for example, describe the chem- 
istry of altered primary chromites from the Stillwater 
complex where one chromite (47.1 wt % Cr203, 18.6 
wt % A1203. 2.1 wt % Fe203. 19.7 wt % FeO, 10.0 
wt % MgO) shows alteration to ferritchromit (42.0 
wt % Cr203, 3.1 wt % A1203, 22.4 wt % Fe203. 
30.1 wt % FeO, 2.1 wt % MgO) and chlorite (1.5 
wt % Cr203, 21.0 wt % A1203. 6.6 wt % FeO, 29.4 
wt % MgO). This is obviously similar to the situation 
in the Kalskaret vein, where. although the original 
chromite is not seen, the Cr -Fe oxide (approx. 47 
wt % Cr203, 6 wt % A1203, 43 wt % total iron 
oxide as FeO) seems to be of the ferritchromit type 
and occurs in a part of the sequence where the small 
amounts of the chlorite present contain up to 2 wt 
% Cr203. 
It is clear that the decomposition of primary 
chromite in the Kalskaret vein sequence must have 
taken place during the high- temperature reaction epi- 
sode since Cr derived from the chromite (the major 
source of Cr) has been partially incorporated in sili- 
cates (notably chlorite) formed as a direct result of 
this reaction episode. This implies that the re- distribu- 
tion of Cr may have been a stepwise process partially 
dependent upon redox potential (chromite ' i ferrit- 
chromit) and partially on the availability of Al to form 
chlorite. There is a strong tendency for Cr to be incor- 
porated in chlorite. Where the availability of Al limits 
the quantity of chlorite formed, this results in chlorite 
with a high (c. 2 wt %) Cr content (see Fig. 2). 
It is suggested that in the Kalskaret vein the distri- 
bution of Cr was controlled by two sequential reac- 
tions. Firstly, the original primary chromite was 
completely broken down to form ferritchromit plus 
small amounts of Cr -rich chlorite, this part of the 
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process being seen in the inner part of the zonal se- 
quence (in the 'sulphide zone') where little or no 
introduced Al was present. Secondly, as the develop- 
ment of the zone sequence progressed, more Al be- 
came available via diffusion from the fluid channel, 
thus enabling the formation of more chlorite which 
incorporated the Cr released by the further break- 
down of the ferritchromit, as seen in the outer parts 
of the sequence where no oxide phase remains and 
virtually all the Cr is located in chlorite. 
It is interesting to note that Trommsdorff and 
Evans (1974) have observed the exact reverse of these 
reactions in metamorphosed serpentinised peridotite 
and associated the progressive reaction chlorite 
ferritchromit- *chromite with increasing grade of 
metamorphism. 
The occurrence of pentlandite (often with chal- 
copyrite) as ores associated with serpentinites is well 
known (Ramdohr. 1967) although the pentlandite 
may be primary (i.e.. magmatic) (Groves et al., 1974) 
or derived from Ni originally contained in silicates 
(Eckstrand. 1975). In the Kalskaret sequence the Ni 
in the pentlandite is clearly derived from the original 
olivine of the peridotite. 
Eckstrand (op. cit.) described a model for the de- 
velopment of the nickel -bearing opaque mineral 
assemblages of the Dumont serpentinite controlled by 
redox mechanisms that may be relevant here. He 
indicated that serpentinisation reactions involving the 
production of magnetite resulted in strongly reducing 
environments that ultimately control the formation of 
nickel sulphides. It therefore seems probable that the 
pentlandite in the Kalskaret vein resulted from such 
a reducing reaction with the S being introduced by 
the fluids as SO* Complimentary oxidations may 
be involved in the formation of either the ferrit- 
chromit or the magnetite. 
The overall reaction may be expressed as: 
SO; +8FeO±S2 - +4Fe2O3 
However. although the formation of the ferritchromit 
may be convincingly assigned to the high- temperature 
reaction episode. the formation of the magnetite could 
have resulted from the low -temperature reactions in 
which talc and antigorite were formed. The essential 
part of the equation for this reaction would be: 
3' Feo' + 1- l2O.-Fe3O4 + H2 
(In olivine (Magnetite) 
or enstatitc) 
Oxidation reactions compensating for the reduction 
by which pentlandite formed may therefore be 
ascribed to either the high or low- temperature reac- 
tion episodes. Because the original Ni site (in the 
olivine) must have been destroyed as a result of the) 
high- temperature reaction episode and because 
lb; 
Ni contents of the high- temperature reaction silicate: 
are inadequate to account for the released Ni, it seeuui 
most likely that during the high- temperature reaction` 
episode a significant proportion of the Ni was rely 
Gated in pentlandite where the conditions were favour.t 
able, i.e., in the 'sulphide zone'. 
Experimental data from non -silicate systems sut 
gest an upper stability limit for pentlandite of about 
600 °C (Kullerud, 1963) but evidence from Me-rich 
silicate systems (e.g., Rajamani, 1976) indicates that 
it is possible for pentlandite to exist at much higher¡ 
temperatures (c. 900° C). Thus experimental data del 
not preclude the possibility of pentlandite formation', 
in the Kalskaret vein during the high- temperaimi 
reaction episode. However. this requires that teüh 
the continued expansion of the zonal sequence. pen! 
landite breaks down to provide Ni for incorporation, 
in the chlorite which is the sole Ni- bearing mineral 
in the outer part of the sequence. Alternatively. Nil 
could have been temporarily located in another host! 
(now destroyed) during the high- temperature reaction 
episode and relocated in pentlandite as a result of 
the low- temperature reactions. 
On the balance of the evidence available. we fa 
your the development of the pentlandite during the 
high -temperature reaction episode. but in either event 
it seems clear that the distribution of Cr and Ni ha 
been controlled by a complex interplay of oxidatiooa 
reduction mechanisms coupled with the availabilitl 
of Al as the critical factor in chlorite formation. 
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The equilibration conditions and petrogenesis of 
European crustal garnet iherzolites 
D. A. CARSWELL & F. G. F. GIBB 
LITHOS Carswell, D. A. & Gibb, F. G. F. 1980: The equilibration conditions and petrogenesis of European crustal garnet Iherzolites. Lithos 13, 19 -29. Oslo. ISSN 0024 -4937. 
Consideration of various element partition geothermometers yields new mean temperature estimates of 
734 -776 °C and 836 493 °C for garnet Iherzolites from West Norway and the Central Alps, respectively. 
Reservations are expressed over the current 'best' pressure estimates of 20.7 -23.1 kbars and 29.4 -33.0 
kbars. An ultimate mantle origin for the peridotite masses is thought likely but it is emphasized that in all 
probability these rocks were tectonically interleaved with their enveloping gneisses before rather than 
after equilibration of the present garnet lherzolite assemblages. This requires that exceptionally high 
pressures were attained in the lower continental crust possibly as a consequence of transient subduction 
during a major plate collision event. The higher pressure /temperature values for the Central Alpine 
garnet Iherzolites are taken to indicate greater depression of the continental plate in that area. 
D. A. Carswell & F. G. F. Gibb. Department of Geology, University of Sheffield, Mappin Street, 
Sheffield SI3JD, U.K. 
There is now general agreement that the com- 
mon garnet Iherzolite xenoliths found in 
kimberlite pipes are of upper mantle origin but 
still considerable controversy over the 
petrogenesis of the rare occurrences of garnet 
Iherzolites directly enclosed within crustal 
orogenic rock sequences. In Europe such rocks 
have been described as layers or tectonically 
bounded lenses within 'alpine -type' peridotite 
bodies in the Basal Gneiss Region of West 
Norway (O'Hara & Mercy 1963; Lappin 1%6, 
1974; Carswell 1968a and b), in the lower Pen- 
nine Adula /Cima Lunga Nappe of the Lepontine 
Belt of the Central Alps (O'Hara & Mercy 1966; 
Ernst 1978; Evans & Trommsdorff 1978), and in 
the high grade gneiss basement of the Bohemian 
Massif in northwest Czechoslovakia (Fiala 1966; 
Kopecky & Sattran 1966). 
Experimental studies of the spinel lherzolite 
garnet Iherzolite transition (Green & Ringwood 
1967; O'Hara et al. 1971) and previous estimates 
of the P (pressure) /T (temperature) equilibration 
conditions of the crustal garnet Iherzolites (Table 
1) led most authors to interpret these rocks as 
slices of upper mantle tectonically emplaced into 
lower crustal gneiss sequences. O'Hara (1967) 
and Carswell (1974) have demonstrated that 
these rocks have been derived from shallower 
depths than most of the garnet Iherzolite 
xenoliths in kimberlites but there remain serious 
doubts over their exact depth of origin. Further, 
if an upper mantle origin is to be seriously 
entertained, viable dynamic processes must be 
found to explain their solid state movement from 
previously implied depths of up to about 120 kms 
into the lower crustal gneisses. 
Early P/T estimates (O'Hara 1967; Carswell 
1974) for these crustal garnet Iherzolites were 
based on variants of the two pyroxene solvus 
geothermometer [with reference to the Davis & 
Boyd (1966) experimental data for the Mg2Si206 
- CaMgSi206 system at 30 Kbars pressure] in 
combination with the PIT dependent A1203 iso- 
pleths (MacGregor & Ringwood 1964; Green & 
Ringwood 1967) for garnet -pyroxenes equilibria 
in the garnet Iherzolite stability field. More re- 
cently not only have improved experimental 
calibrations (Nehru & Wyllie 1974; Mori & 
Green 1976; Lindsley & Dixon 1976; MacGregor 
1974) and semi -empirical derivations (Wood & 
Banno 1973; Wood 1974; Wells 1977) become 
available for this particular geothermometer/ 
geobarometer combination but additional 
mineralogical thermometers utilizing other ele- 
ment exchange reactions have been experimen- 
tally calibrated (R$heim & Green 1974; Mysen 
1976; Mori & Green 1978). 
We have developed a Fortran IV computer 
program (NODMINS) to calculate the P/T 
equilibration conditions of garnet Iherzolites and 
pyroxenites from analyses of the garnet and 
coexisting pyroxenes. Temperature calculations 
based on the various available calibrated ele- 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Clarification of the petrology and occurrence of garnet 
lherzolites, garnet websterites and eclogite in the 
vicinity of R¢dhaugen, Almklovdalen, West Norway 
DENNIS ANTHONY CARSWELL 
Carswell. D. A.: Clarification of the petrology and occurrence of garnet lherzolites, garnet websterites 
and eclogite in the vicinity of Rodhaugen. Almklovdalen. west Norway. Norsk Geologisk Tidskrifl. Vol. 
61. pp. 249 -2260. Oslo 1981. ISSN 00229 -196X. 
Re- examination of the so- called Rodhaugen eclogite specimens analysed by Eskola (1921) and Mercy & 
O'Hara (19651. together with new field observations. demonstrate that these specimens were not 
petrographically analogous nor from precisely the same locality. Eskola apparently overlooked the 
presence of appreciable orthopyroxene in his specimen. New microprobe mineral analyses are presented 
both for these earlier specimens and for a further suite of eight associated garnet Iheraolite, garnet 
websterite and eclogite samples from the Rodhaugen area. The petrogenesis and tectono-metamorphic 
evolution of these rocks are discussed with reference to the differing compositions of porphyroclast 
cores and rims, and recrystallised matrix grains. New pressure /temperature equilibration estimates for 
these assemblages are taken to indicate that these rocks shared a common eclogite facies metamorphic 
event with the surrounding eclogite bearing gneiss complex. 
D. A. Cor. ell. Deportment u( Geology. UnirerAirr of Sheffield. Meppin Street. Sheffield SI ill). 
England. 
In his classic early paper on the eclogites of 
Norway, Eskola (1921) described and presented 
chemical analyses for co- existing garnet and 
clinopyroxene in an eclogite from within one of 
the large peridotite masses in Almklovdalen near 
Aheim in Sunnm¢re. He made it clear that his 
analysed specimen, previously unnumbered but 
hereon referred to as sample ESK 75, was from 
the collection in the Mineralogisk -Geologisk 
Museum at Oslo and was simply labelled 
'Almklovdalen'. However, comparison with 
specimens which he later collected himself con- 
vinced him that it was from the hill called 
Rodhaugen about 500 metres to the north -east of 
Hellebust (Fig. 1). According to Eskola this 
eclogite contained rounded 'phenocrysts' of a 
pyropic garnet and a diopsidic pyroxene set in an 
evenly granular millimetre -sized groundmass of 
the same pyroxene. Small amounts of pale green 
amphibole were noted at the contacts between 
garnet and clinopyroxene and traces of chlorite 
and rutile were also observed. From the mea- 
sured specific gravity of the rock, Eskola calcu- 
lated a mode which he then used to calculate a 
bulk rock chemical composition for this eclogite 
from the garnet and pyroxene analyses (see 
Table 2). In his Fig. 5, Eskola sketched the 
ROdhaugen eclogite as occuring as 5 -70 cm wide 
bands within olivine -rock which sometimes con- 
tains garnets and calcic pyroxenes as in the 
eclogite. 
In their much later papers on Norwegian gar - 
netiferous peridotites, O'Hara & Mercy (see 
both O'Hara & Mercy 1963 and Mercy & 
O'Hara 1965) presented petrographic data and a 
bulk rock analysis of what was claimed to be a 
petrographically similar porphyroclastic tex- 
tured garnet- chrome diopside rock (field no. 
N75). They likewise indicated the locality for 
this rock to be at Rodhaugen within the Eik- 
remsaeter peridotite mass in Almklovdalen and - 
implied that this was essentially the same eclo- 
gite as studied by Eskola. However, they did 
observe that their analysed eclogite sample was 
appreciably more ferriferous and must have con- 
tained a more sodic clinopyroxene than Eskola's 
R¢dhaugen eclogite. 
In order to resolve this confusion over the 
so- called R¢dhaugen eclogite, it seemed desir- 
able to undertake a reinvestigation of the sam- 
ples analysed by these earlier workers in the 
light of my own field observations of the garne- 
tiferous rocks within the Eikremsaeter peridotite 
mass on, and in the vicinity of, the hill called 
R¢dhaugen. It is apparent from this study that 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































260 D. A. Carswell NORSK GEOLOGISK TIDSSKRIFT 3-4 (19811 
(see Cuthbert et al. 1981). It does not seem 
unreasonable to expect that the sorts of tempera- 
ture /pressure conditions deduced above for the 
metamorphic 'high' were established within the 
overridden plate, prior to its rapid upwards 
recovery which led to the eventual exposure of 
such high grade assemblages at the earth's sur- 
face. 
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A tectonic model for the metamorphic evolution of the Basal 
Gneiss Complex, Western South Norway 
S.J. CUTHBERT, M. A. HARVEY & D. A. CARSWEIL,Department 
of Geology, University of Sheffield, Mappin Street, Sheffield SI 3JD,. UK 
Abstract. A review of currently available infor- 
mation relevant to the Basal Gneiss Complex 
(BGC) of Western South Norway, combined with 
the authors' own observations, leads to the fol- 
lowing conclusions. 
I. Most of the BGC consists of Proterozoic 
crystalline rocks and probably subordinate Lower 
Palaeozoic cover. 
2. The last major deformation of these rocks was 
during the Caledonian orogeny and involved 
large -scale thrusting, recumbent folding and 
doming. The structural development of the BGC 
is closely tied in with that of the Caledonian 
al loch thon. 
3. The whole eclogite- bearing part of the BGC 
has suffered a high pressure metamorphism with 
conditions of between 550 °C, 12.5 kbar 
(Sunnfjord) and about 750 °C, 20 kbar (M¢re og 
Romsdal) at the metamorphic climax. 
4. This metamorphism was of Caledonian age, 
probably rather early in the Caledonian tectonip 
history of the BGC and is considered to have been 
a rather transient event. 
By setting these conclusions in a framework 
provided by geophysical evidence for the deep 
structure of the crust in southern Norway we have 
constructed a geotectonic model to explain the 
recorded metamorphic history of the BGC. It is 
suggested that considerable crustal thickening 
was caused by imbrication of the Baltic plate 
margin during continental collision with .the 
Greenland plate. This resulted in high pressure 
metamorphism in the resulting nappe stack. 
Progradation of the suture caused underthrusting 
of the Baltic foreland below the eclogite- bearing 
terrain causing it to emerge at the Earth's surface, 
aided by tectonic stripping and erosion. 
Application of isostacy equations to the model 
shows that eclogites can be formed by in -situ 
metamorphism in crustal rocks and reappear at 
the land surface above a normal thickness of crust 
in a single orogenic episode of approximately 
65 -70 Ma duration. 
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INTRODUCTION 
The Basal Gneiss Complex (BGC) of Western 
South Norway forms the deepest exposed struc- 
tural level of the Scandinavian Caledonides ( Fig. 
1), being the largest of a number of basement 
windows in the extensive area of Caledonian 
nappes in Norway and Sweden (Holtedal & Dons, 
1960; Roberts, Thon, Gee & Stephens, 1981). 
It seems likely that this gneiss region has had a 
complex structural and metamorphic history, 
containing as it does elements resulting from 
Proterozoic (Svecofennian and Sveconor- 
wegian- Grenvillian) and Caledonian orogenic 
events. 
A particular feature of this basement window is 
the common occurrence of lithologies with relict 
high -pressure mineral assemblages, the most ob- 
vious being eclogites and garnetiferous peri- 
dotites. The gneissic hosts to these relics are 
commonly metamorphosed in the almandine- 
amphibolite or epidote -amphibolite facies. 
However, both low -pressure and high -pressure 
granulitic parageneses have been increasingly 
recognized in recent years (see, for instance, 
Griffin & MOrk, 1981). 
The origin and age of these high -pressure relics 
are still highly controversial. Garnet peridotites 
and eclogites have been interpreted as solid 
intrusions from deeper crustal levels or from the 
mantle (O'Hara & Mercy, 1963; Carswell, 1968b; 
Lappin & Smith, 1978; Gebauer, Lappin, 
Gruenefelder, Koestler & Wyttenbach, 1982) or 
to have been metamorphosed in -situ in their host 
gneisses from low pressure protoliths (Bryhni, 
Krogh & Griffin, 1977; Griffin & Qvale, 1981; 
Griffin, Austrheim, Grastad, Bryhni, Krill, Mork, 
Qvale & TOrudbakken, 1981). Geochronological 
results have been variously interpreted as showing 
a Proterozoic age for the 'main metamorphism' of 
eclogite- bearing gneisses ( Róheim, 1977, 1979, 
1981), a Caledonian 'eclogite forming event' 
(Griffin & Brueckner, 1980, 1982) and tectonic 
63 
64 S. J. Cuthbert, Al. A. Harre}' & D. A. Carswell 
-64° N 
e 
12° E 6° E 
ea 
\\ 
`. \\\ \ \ 
Bergen 
60°ND . 
0 km 200 
\ 
Upper Allochthon - 









Trondheim Supergroup including E Karmoy ophiolite and 





O Seve Nappe E Jotun Nappe © Bergen Arcs 
E Dalsfjord Nappe ©Hardanger- Ryfylke Nappes 
E Jamtland Supergroup E Valdres Nappe 
Basal Gneiss Complex 
Sveconorwegian / Svecofennian - age basement of the Baltic Shield 
Fig. 1. Map showing the main tectonostratigraphic units of southern Scandinavia (after Roberts et al., 1981). 
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juxtaposition of units with widely differing pro- 
venances (Mearns & Lappin, 1982 a,b,c). 
The BGC is surrounded by outcrops of overly- 
ing allochtonous nappes which include units of 
postulated ophiolites, island -arc sequences, con- 
tinental sediments and deep- seated continental 
crust. Some of these units also contain eclogites 
and garnet peridotites (Gee, 1975, 1978; Gee, 
Guezou, Roberts & Wolff, 1982; Guezou, 1981; 
Stephens & Gee, 1981; Andresen & Faerseth, 
1982; van Roermund, 1981). Locations for place 
names are given in Fig. 2. 
The aim of this paper is to develop a tectonic 
model which fits the petrological features of the 
high pressure parageneses in the BGC whilst 
attempting to be consistent with geochronolo- 
gical, tectonostratigraphic and geophysical data 
currently available for this part of the Caledonide 
belt. We hope that presentation of this model as a 
working hypothesis will stimulate future research, 
which will doubtless lead to its refinement. 
THE GEOLOGICAL SETTING OF THE 
BASAL GNEISS COMPLEX 
The history of the development of interpretation 
of geological relationships within the BGC and 
between the BGC and its cover has been charac- 
terized by an increasing awareness of the effect of 
the Caledonian orogeny (for reviews see Bryhni & 
Grimstad, 1970, pp. 106 -109 and Carswell, 
1973a). 
Recent work by Gee (1980) has shown that the 
autochthonous Proterozoic crystalline basement 
at the thrust front of the Central Scandinavian 
Caledonides in Sweden has a characteristic cover 
sequence of )ate Precambrian and Lower 
Palaeozoic sediments including quartzites, 
greywackes, locally limestones and green or red 
shales and a radiogenic black shale. These form 
the Jämtland Supergroup. The sole thrust of the 
Caledonian allochthon and parautochthon rides 
in the black shales which have acted as a plane of 
Stadlandet 
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Fig. 2. Map of western south Norway showing the positions of localities mentioned in the text. Basal Gneiss 
Complex unshaded, higher tectonostratigraphic units shaded. 
66 S. J. Cuthbert, M. A. Harvey & D. A. Carswell 
décollement (Gee, 1978, 1980). This horizon can 
be traced westwards below the parautochthon 
and allochthon within the Jämtland basement 
window, the Grong -Olden culmination, the 
TOmmeras window and the Trollheimen anti- 
form, the last of which lies on the eastern margin 
of the BGC (Fig. 1). 
Near the Swedish- Norwegian border the de- 
tachment surface passes into an imbricated base- 
ment, where the basement -cover sequence is rep- 
eated parautochthonously. Gee (1980), therefore, 
suggests that the allochthon has an origin far to 
the W of its present position, possibly as much as 
1000 km. Imbrication of the basement in the 
windows implies basement shortening of at least 
70 km. The metamorphic grade of the black shale 
increases westwards, as does the pervasive foli- 
ation in the basement associated with Caledonian 
thrusting. 
The tectonostratigraphy of the allochthon, 
parautochthon and autochthon in central 
Scandinavia is summarized in Fig. 1. The major 
elements of this sequence have now been recog- 
nized in the Trollheimen antiform (Gee, 1980). 
They can be found further S in Oppdal (Krill, 
1980; Gee, 1980) and the Domb$s -Lesjá area 
(Guezou, 1978) and to the N and W in the 
Surnadal and Kristiansund areas (Krill, 1981a; 
Hernes, 1955; Raheim, 1972). Further to the W in 
the BGC strong deformation and metamorphism 
makes correlation more difficult. However, 
broadly similar sequences with a heterogeneous 
'cover' sequence over a more homogeneous 'base- 
ment' are seen at Grotli (Strand, 1969; Bryhni, 
1977), Tafjord (Bryhni, 1977; Brueckner, 1977), 
Breimsvatn (Bryhni, 1977; Bryhni & Grimstad, 
1970) and possibly Sunnfjord (Skjerlie, 1969; 
Skjerlie & Pringle, 1978). In most of these areas it 
has been demonstrated that units with differing 
origins have been tectonically juxtaposed prior to 
recumbent isoclinal folding and doming. Most of 
these units W of Surnadal contain eclogites and 
garnetiferous ultrabasites. These and other high 
pressure metamorphic relics will be discussed in 
more detail below. 
The eastern margin of the BGC exhibits 
'Stockwerk' -type tectonics in its relationship to 
the low -grade rocks of the overlying Trondheim 
Supergroup. Recent work by Krill (1980, 1981a) 
in the Oppdal -Surnadal area shows that Pennine - 
style Caledonian F1 recumbent folds formed in 
the 'infrastructure', folding a series of thrust - 
juxtaposed units. These folds do not involve 
the 'superstructure' (the StOren unit of the 
Trondheim Supergroup). Younger, upright folds 
involve both the infrastructure and the super- 
structure and become tighter downwards from 
the base of the StOren unit. Metamorphic grade 
increases westwards (downwards) in the super- 
structure, as it does in the infrastructure. Eclogites 
appear within 20 km of the base of the infrastruc- 
ture except at Surnadal where they appear within 
5 km, apparently by prograde metamorphism via 
amphibolites. Rb -Sr studies of metabasic dykes in 
the Saetra nappe and late granitic intrusions (see 
below) suggest that both the folding and meta- 
morphism is Caledonian (Krill, 1981b). 
It would therefore appear that the main 
Caledonian deformation and metamorphism oc- 
cured in -situ beneath the superstructure appar- 
ently formed by the allochthon. Whether the 
present superstructure is the same as that which 
originally formed the overburden to the BGC 
during the early period of metamorphism, or 
whether it has tectonically replaced an earlier 
overburden seems equivocal at present (Krill, 
1980). 
The history of the nappe -pile overlying the 
BGC and the basement to the E has been 
summarized by Gee (1975, 1978) and Gee et al. 
(1982). They suggest that the early development of 
the nappes follows obduction of ophiolites onto 
the Baltic continental margin in the early 
Ordovician. Then final closure of the Iapetus 
ocean resulted in the Greenland continental 
margin overthrusting that of the Baltic plate 
during the Middle and Upper Silurian. The 
resulting compressional regime led to consider- 
able basement shortening and imbrication of 
basement and cover. Subsequent basement uplift 
then resulted in translation and stretching of the 
nappes towards the present Caledonian front in 
the east. 
The Seva nappe of Jämtland, Central 
Scandinavian Caledonides, also contains eclogite 
and garnet -peridotite bodies. Roermund (1981) 
has found that the eclogites are comparable to 
those in the BGC and restoration of the Seve to its 
possible pre- translation position reveals that the 
regional P -T variation seen in eclogites from this 
nappe complex matches that of western Norway 
(van Roermund, 1981; Bryhni et al., 1977; Krogh, 
1977a; Griffin & MOrk, 1981). As Seve lithostrati- 
graphic units are recognized in the eastern BGC 
(Table 1) and can be traced into eclogite- bearing 
terrains (Krill, 198la) it seems sensible to con- 
clude that the allochthonous Seve nappe now seen 
in Sweden was originally rooted in the BGC, or at 
least had a common early metamorphic history 
with it. 
Bordering the BGC to the S and SW is the huge 
Jotun nappe which consists of Precambrian anor- 
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Table 1. Summary of the metamorphic evolution of the coronitic metadolerites, after Griffin & Raheim (1973) and 
Griffin & Bryhni (1977). The development of corona types is shown for reactions between (A) igneous plagioclase 
and olivine; (B) igneous plagioclase and clinopyroxene; and (C) igneous plagioclase and orthopyroxene. Each 
column represents the order of corona shells observed at each stage in the metamorphic evolutionary sequence, with 
short solid lines separating successive shells. Numbers indicate the reactions responsible for each stage of corona 
formation, as outlined at the bottom of the table. Plag = plagioclase; 01 = Mg -rich olivine; Cpx = clinopyroxene; 
Opx = orthopyroxene; Sp = spinel; Gnt = garnet; Omph = omphacite; Qtz = quartz; Rt = rutile 
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(I) Ol+ plag -.Al-Opx+Al-Cpxl+Sp. (2) Al-px's+Sp+ plag -.Gnt+low Al-Cpx II +low Al-Opx. 
(3) 6MgSiO3+CaAl2Si208+MgA1=OQ-.CaMgSi2O6+2Mg3Al2Si3012. (4) 4MgSiO3+CaAl2Si2O8 
-CaMgSi2O6+Mg3Al2Si3012+Si02. (5) MgAI2SiO6+2MgSiO3 Mg3Al2Si3O12. (6) CaMgSi2O6 
+MgAI2SiO6-+CaMg2Al2Si3O12. (7) NaA1Si3O8+CaAl2SiO6-NaAISi2O6+CaAl2Si208. (8) CaAl2Si2Oe 
+CaMgSi2O6 -. Ca2MgAl2Si3O12 +Si02. (9) NaAISi3O8 -+ NaA1Si206 +Si02. (10) CaMg2Al2Si3O12 
-+MgAl2SiO6+CaMgSi2O6. (11) Ca2MgAl2Si3012+Sí02-+CaMgSi2O6+CaAI2Si2Oe. (12) NaA1Si2O6 
+Si02 - NaAISi308. 
thosites, ultramafites, pyroxene granulites, etc., 
with a peripheral group of amphibolite- facies 
gabbroic and granitic rocks (Battey & McRitchie, 
1973). It lies in a large, synclinal depression known 
as the `Faltungsgraben'.. Gravity studies of the 
nappe have shown it to be a wedge- shaped prism 
with a deep, dense root and a thickness of 
10-15 km (Smithson, Ramberg & GrOnlie, 1974). 
It is structurally overlain by the Trondheim nappe 
and underlain by Eocambrian (Sparagmitic) to 
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Cambro- Silurian sediments. In the S (Valdres 
area) the autochthonous Proterozoic basement 
has an autochthonous veneer of Middle 
Cambrian shale. This is overlain by two imbricate 
duplex sheets of sediments, roofed by the Valdres 
nappe composed of Eocambrian- Ordovician se- 
diments, on an allochthonous gneissic basement. 
The Valdres nappe is in turn overlain by the Jotun 
nappe whose southward movement here is well 
established (Hossack, 1978; Hossack, Nickelson 
& Garton, 1981), and has caused considerable 
telescoping of the cover sequence. From this it has 
often been assumed that the Jotun nappe is a 
large, far -travelled thrust nappe. The existence of 
smaller, Jotun -like thrust sheets on the W coast of 
Norway (e.g. the Dalsfjord nappe) has led to the 
suggestion that these outcrops represent the trail- 
ing edge of the Jotun nappe and that the BGC 
is a tectonic window within it (Skjerlie, 1969; 
Hossack, 1982). 
However, structural evidence from the nor- 
thern margin of the Jotun nappe against the BGC 
may suggest that it has moved to the NW here 
(Battey & McRitchie, 1973; Banham, Gibbs & 
Hopper, 1979). This has led to the alternative 
suggestion that the Jotun nappe has had a local 
derivation, whereby it has risen directly from the 
root of the Faltungsgraben as an Ivrea -type flake' 
(Battey & McRitchie, 1973; Smithson et al., 1974; 
Banham et al., 1979). Underlying the northern 
margin of the Jotun nappe is a sequence of 
parautochthonous sediments and metavolcanics, 
locally with pillow -lavas and serpentinites 
(Banham et al., 1979; Elliot & Cowan, 1966) and a 
postulated 'exotic olistostrome melange' (Gibbs, 
1982). Two explanations for this are: either the 
northern Jotun nappe front -represents a 
Caledonian suture zone (Banham et al., 1979) or 
the opposing senses of motion of the nappe 
margins and underlying tectonostratigraphy are 
the result of the compressive telescoping of a 
rifted marginal basin, the nappe representing the 
root of the central graben high (Gibbs, 1982). 
Along the SW extension of the Faltungsgraben 
lie the nappes of the Hardangervidda area and 
those of the Bergen arcs. Andresen & Faerseth 
(1982) have summarized the relationships here, 
which show close similarities to the Jotunheim 
and, to some extent, the Trondheim areas. Lying 
above the foreland Proterozoic basement and its 
cover (Vidda Group) is the Hardangervidda- 
Ryfylke nappe complex, whose lower unit 
(Hosmasj¢/Nupsfonn allochton) correlates with 
the nappes of the Valdres area and whose upper 
units, the Dyrskard, Kvitenut and Revsegg units, 
are correlated with the Jotun nappe and perhaps, 
in part, the R¢ros schists at Surnadal. Overlying 
this is the Sunnhordland nappe complex, consist- 
ing of ophiolites and island -arc volcanics, possible 
continental rift volcanics and intrusives, al- 
lochthonous basement and later sediments as- 
sociated with uplift of this sequence. 
In their synthesis of this area, Andresen & 
Faerseth (1982) suggest that the ophiolites were 
obducted onto an Andean -type Baltic margin 
prior to the Ashgillian. Following intrusion by 
granodiorites this sequence was thrust over the 
Proterozoic basement (Dyrskard- Kvitenut- 
Revsegg allochthon) and the whole stack was then 
translated over the autochthonous basement and 
the Vidda Group. 
Similar rocks to those of the Jotun -Hardanger 
areas occur in the Bergen arcs (Sturt, Skarpenes, 
Ohanian & Pringle, 1975; Sturt & Thon, 1976; 
Andresen & Faerseth, 1982). However, here the 
eugeoclinal rocks (Major and Minor Arcs) cor- 
respond to the Sunnhordland Nappe Complex 
and presumably the Trondheim nappe, but form 
the lowest tectonic unit above the basement 
gneisses and are overlain by allochthonous 
Proterozoic crystalline rocks (Ulrikkens Gneiss 
Complex, Anorthosite Complex). The Anortho- 
site Complex contains eclogites of postulated 
Caledonian, or possibly Sveconorwegian age 
(Austrheim & Rdheim, 1981; Austrheim, 1981; 
Austrheim & Griffin, 1982) and may be correlated 
with the Jotun nappe. However, as it has had a 
different structural history it may represent a 
higher structural level than that observed in the 
Jotun nappe (Andresen & Faerseth, 1982). The 
Bergen Arcs are also commonly thought to com- 
prise far -travelled nappes with a source off the 
present W coast of Norway (Sturt et al., 1975; 
Austrheim, 1981). 
A similar sequence to that in the northern 
Jotunheimen is found in the Dalsfjord area, 
Sunnfjord, where a sheet of mangerites (the 
Dalsfjord nappe) has been thrust over meta - 
greywackes (Askvoll Group) and in turn over- 
thrust by a eugeoclinal ophiolite /island arc 
sequence (Stavfjord anticline) prior to emplace- 
ment of the thrust stack onto the Baltic margin 
(now the BGC) (Skjerlie, 1969, 1974; Fumes, 
Skjerlie & Tysseland, 1976). 
Suggested correlations of the Hardanger, 
Bergen and Dalsfjord nappe sequences with the 
Jotun nappe mitigate against its local origin and 
favour its evolution as a far -travelled sheet. In this 
case its huge thickness must have greatly con- 
tributed to the load over the eclogite- bearing 
BGC. However, resolution of the problems of 
interpretation of the structures and lithologies of 
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northern Jotunheimen will be necessary before a 
local origin can be discounted. If such an origin 
should be ultimately proven some very large scale 
mechanism must be invoked to explain the 
upward travel of such a large, dense mass and its 
super -position over less dense crustal material. 
In summary, the BGC appears to consist of an 
intensely imbricated and interfolded mass of 
crystalline pre -Caledonian basement and auto - 
chthonous and allochthonous cover, the major 
part of which bears common relics of high 
pressure assemblages. It forms a window within 
overlying nappes of basement, cover and oceanic 
rocks of considerable overall thickness. Rep- 
resentatives of most of these allochthonous 
units can be found within the BGC. Three stages 
in the development of the orogen appear to have 
occurred. The first involved obduction of oceanic 
crust and island -arcs in the early- middle 
Ordovician, the second involved stacking and 
recumbent folding of imbricate sheets of base- 
ment, cover and obducted rocks during the early - 
middle Silurian continental collision and the third 
involved 'basement' uplift, uprooting of the 
nappes and their translation on a dècollement 
plane towards the Swedish and S Norwegian 
foreland. Following this, in the early- middle 
Devonian, late intermontane 
formed controlled by either hinged normal faults 
or strike -slip faults (Bryhni, 1981). 
GEOCHRONOLOGY 
From the foregoing it is apparent that the 
Caledonian history of the BGC is bracketed by 
two ages; the upper age of the rocks formed prior 
to the development of the allochthon, corre 
sponding to the Llandoverian of the K6li 
Supergroup (Gee, 1975, 1978) and the early - 
middle Devonian age of the late -orogenic, un- 
metamorphosed sediments found in fault - 
bounded basins on the W coast of Norway. These 
sediments overlie eclogite- bearing gneisses and 
must therefore mark the end of a period of very 
considerable uplift, especially if a Caledonian age 
and crustal in -situ metamorphic origin for the 
eclogites is accepted (see below). 
Viewing the ages obtained from whole -rock 
Rb -Sr isochron studies of gneisses in the BGC 
(e.g. Brueckner, 1972, 1979) it is noticeable that 
they bear a close similarity to those seen in the 
Svecofennian and Sveconorwegian provinces in 
the foreland of southern Norway and Sweden, 
although perhaps the age distribution in the BGC 
is more complex. However, mineral ages are 
markedly different. Mineral ages in the Baltic 
foreland unaffected by the Caledonian orogeny 
are usually similar to the whole -rock ages 
(Brueckner, 1972) but in the BGC Rb -Sr mineral 
ages generally show late Caledonian provenance, 
clustering tightly between 380 Ma, and 405 Ma. 
This is perhaps not surprising in view of the 
position of the BGC in relation to the rest of 
the Caledonide belt, but considerable contro- 
versy revolves around the interpretation of these 
ages. 
One school of thought is that the Proterozoic 
whole -rock Rb -Sr ages represent a metamorphic 
event, usually at amphibolite facies, and that the 
Caledonian Rb -Sr mineral ages are a result of 
post -orogenic cooling related to uplift or of a 
relatively unimportant thermal event resetting the 
isotopic system ( Róheim, 1977, 1979; Pigeon & 
Róheim 1972; Skjerlie & Pringle, 1978; Solheim, 
1980; Mearns & Lappin, 1982 a,b,c). That implies 
that most, if not all the major metamorphism in 
the BGC occurred in the Sveconorwegian or 
Svecofennian and the Caledonian effect is mi- 
nimal. The pervasive nature of the amphibolite- 
facies metamorphism, allied with independent 
evidence for a Caledonian eclogite- forming event 
has led Mearns & Lappin (1982 a,c) and Gebauer 
et al. (1982) to suggest were 
tectonically introduced into the gneisses from 
deeper lithospheric levels during the Caledonian 
orogeny. Mearns & Lappin (1982c) from a study 
of granulite -facies `mangerites' in the Selje area, 
Stadlandet, further suggest the influence of a 
700 Ma granulite -facies event which seriously 
disturbed the Rb -Sr system by Rb loss after 
intrusion at 1520 Ma. However, Lappin, Pidgeon 
& van Breemen (1979) have shown that the 
composition of these rocks has not changed 
significantly since intrusion except for some K- 
metasomatism. Furthermore, there are no other 
records of an important 700 Ma granulite -facies 
event. This age comes from a plagioclase- garnet 
whole -rock Sm -Nd isochron for a basic dyke and 
may either be a mixed age or a relict igneous age. 
Research workers who consider whole -rock 
Rb -Sr isochrons to record a metamorphic event 
clearly recognize that the low initial ratios of these 
isochrons puts severe constraints on the time 
which elapsed between magmatic crystallization 
of the rock suite and metamorphism. In fact the 
time period may easily lie within the error en- 
velope of the isochron age. Upper intersection U- 
Pb ages from discordant zircons are often close to 
Rb -Sr whole rock ages and are taken to indicate 
the time of magmatic crystallization (Pigeon & 
Róheim, 1972; Lappin et al., 1979). Lower inter- 
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section ages are usually around 400 Ma suggest- 
ing a pervasive Caledonian event. 
The other school of thought considers that 
whole rock Rb -Sr isochrons represent magmatic 
crystallization ages and that subsequent events 
have only caused minor disturbance to the iso- 
topic system (Brueckner, 1972, 1979; Carswell & 
Harvey, 1983; Harvey, unpublished data; Krill & 
Griffin, 1981). The significance of the Caledonian 
mineral ages is less certain. Brueckner (op. cit.) 
gives two possibilities; that the metamorphism 
was Proterozoic but a slight re- heating event reset 
the mineral ages ('limited Caledonization') or that 
the most severe recrystallization was Caledonian 
('severe Caledonization'). With respect to the 
latter. Brueckner (1979) points out that the youn- 
gest good whole -rock ages for the gneisses are 
960 Ma (granodiorite near Geiranger) and 
975 Ma (Hestbrepiggan granite). Both of these 
rock suites have a pervasive tectonic fabric which 
must have been imposed during either the late 
Sveconorwegian or the Caledonian. In addition to 
this we note that the evidence of Gee (1980) and 
Krill (1980) in favour of a Caledonian age for the 
main deformation in the BGC strongly supports a 
'severe Caledonization'. Also, Krill (1981a) rep- 
orts a 745 Ma whole rock Rb -Sr date for a pre - 
tectonic dyke in the Saetra unit near Oppdal and a 
345 Ma Rb -Sr mineral isochron age from a grani- 
tic intrusion cutting a regionally mapped thrust 
surface in the same area, bracketing tte tectonic 
events within the Caledonian orogeny. 
A recent study of coexisting green (Caledonian) 
and brown (Sveconorwegian) biotites from near 
the Caledonian front in SW Norway (Verschure, 
Andressen, Boelrijk, Hebden, Maier, Priem & 
Verdurmen, 1980) shows that resetting of biotite 
Rb -Sr and K -Ar ages at temperatures of up to 
400`C may require complete recrystallization. 
This brings into question the validity of models 
requiring a limited Caledonian heating event. 
Krill & Griffin (1981) comparing interpret- 
ations of whole rock Rb -Sr ages from the BGC 
with those in the Alps suggest that such ages can 
record magmatic events despite very strong tec- 
tonism and metamorphism. They reject the likeli- 
hood of large -scale homogenization of isotope 
systems during orogenesis. 
Whilst it is not intended to review the distri- 
bution of whole -rock ages within the.BGC, it is 
significant that all reliable ages for gneisses are 
either Svecofennian or Sveconorwegian, domin- 
antly the former. Good evidence for Caledonian 
protolith ages comes from Gee's (1980) cor- 
relation of Cambrian sediments into the 
Trollheimen area. Other evidence comes from 
the common lithological comparison of meta - 
quartzites and arkoses with the Eocambrian 
Sparagmites of southern Norway. 
We, therefore, prefer the interpretation that 
whilst the main crust -forming events for litho - 
logies in the BGC were Proterozoic, the tectonic 
and metamorphic events responsible for the 
present state of this area were dominantly 
Caledonian. 
Outside the BGC in S Norway granulite -facies 
assemblages are common in Proterozoic gneisses. 
Also, relict granulite -facies parageneses are some- 
times found within amphibolite -facies gneisses of 
the BGC (Lappin et al. 1979; Krogh, 1980a, 
Mearns, 1982; Cuthbert, unpublished data). In 
view of the Proterozoic provenances of the BGC 
gneisses, it seems reasonable to expect to en- 
counter relics of such older parageneses. Bryhni, 
Fitch & Miller (1971) carried out'QAr /60Ar age 
spectrum analysis on a clinopyroxene from an 
augen -gneiss in the Fjordane complex, Gloppen. 
The most retentive argon gave an age of 1550 Ma, 
which may record the age of its crystallization, 
under granulite -facies conditions. 
However, eclogite -facies relics are also found in 
the gneisses, as eclogites, garnet peridotites and 
isolated gneissic domains containing omphacitic 
pyroxene or diopside- plagioclase symplectites. 
These also show the influence of pervasive later 
amphibolitization. At Flekke, Sunnfjord, low - 
pressure granulites are preserved (Opx + Cpx 
+ plag + K- feldspar + quartz) with garnet cor- 
onas forming on orthopyroxene aggregates 
(Cuthbert & Carswell, 1982). This is taken to 
indicate a superimposed higher pressure (and 
lower temperature) event, correlated with similar 
textural development in partially eclogitized 
metabasites. Identical relationships are seen at 
Flatraket, Stadlandet (Cuthbert, unpublished 
data) and in the Bergen Arcs (Austrheim & 
Griffin, 1982). In all these areas subsequent per- 
vasive amphibolite -facies recrystallization has oc- 
curred. Hence there is evidence here that a high 
pressure event postdates the Proterozoic granu- 
lites and predates the amphibolite -facies meta- 
morphism. Resolution of the complex polyme- 
tamorphic history of the BGC undoubtedly re- 
quires very careful petrographic observations 
before any a- priori assumptions can be made 
about the relative (or absolute) ages of the mineral 
parageneses. 
Recent evidence has begun to throw light on the 
age of eclogite formation. Krogh, Myson & Davis 
(1973) reported a U -Pb zircon age of 401 ± 20 Ma 
from the Ulsteinvik eclogite, Hareidland. The 
zircons contained inclusions of eclogite -facies 
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minerals but no secondary minerals, hence the age 
was taken as a minimum age for formation of the 
eclogite. However, this age is not entirely un- 
ambiguous in that it only provides an upper limit 
for this event and there is evidence for some older, 
inherited zircon in the rock. 
Griffin & Brueckner (1980) have presented five 
two -point Sm -Nd mineral isochrons using gar- 
nets and clinopyroxenes from eclogites. Ages in 
the range 407-477 Ma were obtained, in close 
agreement with the results of Krogh et al. (1973) 
and slightly older than, but overlapping with, Rb- 
Sr mineral ages from the gneisses. Sm -Nd and Rb- 
Sr isotope systematics suggest that at least some 
of the eclogite protoliths had a long crustal 
history prior to the Caledonian orogeny. Further 
work (Griffin & Brueckner, .1982) has dem- 
onstrated the difficulty of obtaining meaningful 
Sm -Nd ages from eclogites with equilibrium 
temperatures below about 700 °C due to dis- 
equilibrium distribution of REE between garnet 
and pyroxene. Samples with zoned garnets tend to 
give much older ages. A five -point Rb -Sr min- 
eral isochron from the Verpeneset eclogite, 
Nordfjord, gave an age of 398 ± 1 Ma with an 
initial ratio of 0.7034, suggesting that the proto- 
lith is probably Palaeozoic and thus the meta- 
morphism Caledonian. 
Mearns & Lappin (1982b) have reported Sm- 
Nd garnet -clinopyroxene whole -rock isochron 
ages for garnet lherzolites and associated garnet 
pyroxenites as well as for an `external' or 'country- 
rock' eclogite and a garnet whole -rock age from a 
grey gneiss. The eclogite gave an age of 408 
± 8 Ma, the gneiss 414 ± 31 Ma, suggesting re- 
crystallization or 'thermal resetting' of Pro- 
terozoic material during the Caledonian orogeny. 
The ultramafites gave much older ages and a low 
eNd (1029 ± 34 Ma, eNd = - 1.6; 1316 ± 138 Ma, 
eNd = -1.4) suggesting crystallization soon after 
formation of the whole -rock in the mantle 
and that these rocks have apparently not been 
disturbed by any Caledonian metamorphic 
events. 
Gebauer et al. (1982) have also reported 
Caledonian ages for eclogites from U -Pb zircon 
discordia, which suggest protolith formation in 
the Svecofennian and Sveconorwegian and 
eclogite metamorphism at about 400 Ma. 
Krill (1981) has produced a Rb -Sr whole rock 
isochron for an intermediate gneiss which is 
interbanded with eclogite- bearing mica schists of 
the Bláho unit W of Oppdal, giving an age of 583 
± 69 Ma. This further supports a Caledonian age 
for the eclogite metamorphism. 
Some indication of the severity of the 
Caledonian thermal event is given by Devonian 
mineral ages from pegmatites which cut eclogites, 
indicating temperatures high enough to cause 
anatexis well into the waning stages of the or- 
ogeny (Griffin & Mork, 1981). 
Together these various data strongly indicate 
that the major crust -forming events for the litho - 
logies in the BGC were Proterozoic, dominantly 
in the Svecofennian but with significant con- 
tributions from the Sveconorwegian and 
Caledonian events. It is quite possible that much 
of this crustal (and mantle ?) material suffered 
high -grade amphibolite and /or granulite facies 
metamorphism prior to the early Palaeozoic, but 
a growing body of evidence supports a major 
tectonometamorphic event in the BGC during the 
Caledonian orogeny, commencing at least as early 
as 420 Ma. The significance of the eclogite mineral 
ages depends upon prejudicial interpretation of 
the origins of these controversial rocks (cf. Bryhni 
et al., 1977; Lappin & Smith, 1978; Smith, 1980; 
Carswell & Gibb, 1980; Griffin et al., 1981), but it 
is possible that this orogenic event involved 
depression of very large masses of continental 
crust to great depths prior to their exhumation 
and exposure at the land surface by the early to 
middle Devonian. 
METAMORPHIC EVOLUTION OF THE 
BASAL GNEISS COMPLEX 
Much of the research carried out in the BGC has 
centred around two rather exotic and enigmatic 
rock -types, the eclogites and the garnetiferous 
peridotites. This is especially true of work during 
the last 20 years; a result of the surge of interest in 
the nature of the upper mantle. The fact that these 
eclogite -facies assemblages occur in a terrain 
apparently consisting largely of amphibolite- 
facies assemblages has caused discussion of an 
intensity which is out of all proportion to their 
rather insignificant volume. This metamorphic 
contrast has led to the eclogites being described as 
`foreign inclusions' (e.g. Lappin, 1966) and evol- 
utionary models involving tectonic transport of 
eclogites and peridotites from sub -crustal depths 
to high lithospheric levels have been developed to 
explain their presence (Lappin & Smith, 1978; 
O'Hara, 1976; Smith, 1980). 
There is, however, a growing body of evidence 
(outlined below) to suggest that in many cases 
eclogites and even garnet peridotites have been 
formed by metamorphism in -situ within their 
country rocks. Conclusive proof of this has 
profound tectonic consequences as it implies that 
large masses of buoyant continental crust have 
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been subjected to unusually large confining 
pressures. 
Occurrence of eclogite -facies rocks 
Eclogites occur in both the Jostedal and Fjordane 
complexes of Bryhni (1966), but are more 
common in the latter unit. They are also reported 
from the Vikvatn sequence in the Tafjord area, 
but not in the basal Fetvatn gneisses (Brueckner, 
1977). They occur in the Frei group of the 
Kristiansund area ( Róheim, 1972; Griffin & 
Róheim, 1973; Krogh, 1980b) and in Surnadal 
(Tdrudbakken,1981). Hence the eclogites occur in 
most, if not all, of the lithologic units of the BGC, 
to within 25 km of its border with the overlying 
allochthon in the E. However, eclogites are ap- 
parently absent in the BGC to the S of Sognfjord. 
In the more heterogeneous rock sequences (e.g. 
the Fjordane complex) eclogites are frequently 
associated with anorthosites (Eskola, 1921; 
Brueckner, 1977; Bryhni, 1966; Brastad, 1983; 
Griffin & MOrk, 1981) as well as obvious supra - 
crustal rocks (Bryhni, 1966; Carswell & Harvey, 
1983; Harvey, unpublished data). Garnet peri- 
dotites appear to be confined to these hetero- 
geneous gneisses (Bryhni, 1966; Carswell, 1973a; 
Brueckner, 1977) but are generally absent to the S 
of Nordfjord, where hydrous peridotites are more 
normally present. The close association of some 
peridotites to what are apparently layered basic 
bodies and to anorthosites has often been noted 
(Schmitt, 1964; Eskola, 1921; Brueckner, 1977; 
Bryhni, 1966; Brastad, 1982). Some authors have 
noted the common occurrence of garnet peri- 
dotites in steeply inclined shear belts (Bryhni, 
1966; Lappin, 1966) but Brueckner (1977) con- 
siders this to be due to their ` stratigraphie 
position on the limbs of large -scale folds. 
Lappin (1966) suggested that eclogites share 
most of the structural history of the surrounding 
gneisses at Selje, Stadlandet, and Ahnklovdalen, 
but that anorthosites and garnet peridotites were 
introduced at successively later stages. However, 
Medaris (1980) has found that all the structural 
elements in the gneisses at Almklovdalen are 
shared by the peridotites. Similar relationships 
occur in peridotites at ROdskaret, Gurksdy 
(Griffin and Mdrk, 1981). At Kalskaret, Tafjord, 
peridotites, anorthosites, eclogites and gneisses 
have all undergone the same structural history 
(Brueckner, 1977). At Bj¢rkedalen, eclogites show 
gradational contacts towards anorthosites and 
close association with peridotites, all of which 
have at least two fold episodes in common with 
the gneisses (Brastad, 1982, 1983). In all these 
examples the earliest obvious pervasive foliation 
is associated with amphibolite facies assemblages 
which postdate the eclogite -facies parageneses. 
Hence the eclogites and garnet peridotites can be 
described as relics whose mineral facies would 
appear to have converged with that of the gneisses 
during deformation associated with amphibolite- 
facies metamorphism. 
Foreign versus in -situ metamorphism 
Early arguments in favour of the foreign tectonic 
origin of eclogites and peridotites stemmed from 
the apparent difference in metamorphic grade 
between these rocks and their host gneisses, the 
commonly sheared margins of the bodies and, in 
the case of the peridotites, the lack of a thermal 
metamorphic aureole around them (O'Hara & 
Mercy, 1963; Lappin, 1966; Carswell, 1968a). 
Later evidence in favour of this hypothesis came 
from geothermometric /geobarometric studies. 
Lappin & Smith (1978) derived temperatures of 
700 -800- C and pressures of 30-45 kbar for 
primary assemblages in orthopyroxene -eclogites 
from Stadlandet, using the 
Gt-Cpx 
KD Fe' /Mgz+ 
method of Róheim & Green (1975), the two - 
pyroxene solvus of Wood & Banno (1973) and the 
solubility of alumina in orthopyroxene and garnet 
(Wood & Banno, 1973). Reconstruction of the 
composition of an early high -Al orthopyroxene, 
now containing exsolution lamellae of garnet, and 
an early clinopyroxene with lamellae of ortho- 
pyroxene allowed estimates of pre -exsolution 
conditions at 1200- 1370 °C, and 30-40 kbar. 
Similar results were obtained by Carswell (1973b) 
for an exsolved orthopyroxene lens within a 
garnet -peridotite. In both cases it was postulated 
that the rocks formed in the upper mantle prior to 
tectonic intercalation into the crustal rocks. 
More recent arguments in favour of the foreign 
origin of the eclogites and garnet -peridotites have 
centred around the radiometric age differences 
between these rocks and their host gneisses, the 
arguments for and against which are outlined 
above. The emphasis of interpretation for the 
eclogites has now shifted from an origin in the 
upper mantle to one in subducted or deeply 
obducted oceanic crust (O'Hara, 1976; Gebauer et 
al., 1982; Mearns & Lappin, 1982a; Smith, 1981). 
Smith (1980, 1981) has expanded upon this idea, 
suggesting that the diversity of lithologies and 
mineral facies found within the BGC is a result of 
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production of a'gigantic tectonic mèlange' during 
Caledonian orogenesis which shuffled rocks from 
a range of lithospheric levels with little mineralo- 
gical or isotopic re- equilibration. While this idea 
may provide a crude description of the tectono- 
stratigraphy of the BGC, it is considered that the 
information presented in this synthesis shows that 
Smith's (1980) model breaks down under detailed 
scrutiny. 
Much of the geological evidence in favour of 
the foreign origin hypothesis is equivocal. The 
sheared margins often seen on bodies of eclogite 
in the gneisses can be more simply explained by 
differential movement of the eclogite during 
boudinage of a continuous metabasic sheet 
within the less competant gneisses. At FlemsOy, 
Sunnmdre. bodies of corona -bearing metado- 
lerite are frequently boudinaged. Sheared margins 
are frequently transformed to eclogite and field 
evidence suggests that bodies of eclogite in the 
country -rock have been torn from the dolerite 
margins during deformation. These are indeed 
'foreign inclusions'. but movements of no more 
than a few metres are required to explain their 
present position (MÓrk, 1982). 
The lack of a thermal metamorphic aureole 
around the peridotites is perhaps not surprising in 
view of their complex structural history, during 
which deformation would surely have obliterated 
the evidence for any such aureole and has cer- 
tainly frequently disrupted any observed backwall 
metasomatic reaction zones. Geochemical evi- 
dence (Carswell, Krogh & Griffin, 1983) from 
some of the more iron -rich garnetiferous peri- 
dotites such as in the Eiksunddal eclogite complex 
(Schmitt, 1964) suggest that these were probably 
of low pressure igneous origin, originally having 
been olivine gabbro- peridotite cumulates. 
Unequivocal geological evidence in favour of a 
foreign origin for the eclogite - facies inclusions in 
the gneisses is difficult to envisage. As the most 
feasible mechanism for tectonic emplacement 
might be introduction along large crustal dislo- 
cations, one might expect to find eclogites 
strongly associated with major lithological 
boundaries. This has not been demonstrated as 
yet, to our knowledge, although such a situation 
may be complicated by polyphase folding follow- 
ing emplacement. However the observation that 
peridotites are sometimes associated with shear 
zones (Bryhni, 1966; Lappin, 1966) is interesting 
in the light of continuing assertions that these 
rocks were indeed foreign to the continental crust 
prior to the eclogite- forming metamorphism 
(Carswell & Gibb, 1980; Medaris, 1980). 
Geological evidence in favour of crustal 
eclogite -facies metamorphism can perhaps be 
divided into two types. The first is the preserv- 
ation of features demonstrating that the rock was 
indigenous to its surrounding crustal rocks prior 
to eclogite -facies metamorphism. The second is 
the preservation of features within the rock 
showing that its protolith had a low- pressure 
origin. If evidence for only the latter exists it is 
difficult to deny a foreign origin, as deep level 
obduction (Lappin, 1977; Lappin & Smith, 1978; 
Smith, 1980, 1981) of eclogitic oceanic crust may 
explain its present position. If the surrounding 
crustal rocks have co- facial high -pressure para- 
geneses then in -situ metamorphism is likely to 
have occurred, but this says little about the pre - 
metamorphic tectonic history of the eclogite. In 
view of the known tectonostratigraphy of the 
BGC it is not unlikely that fragments of oceanic 
crust formed part of the early nappe pile (c. f. Krill, 
1980, 1981). 
Evidence for the crustal derivation of eclogites 
has been reviewed by Bryhni et al. (1977), Krogh 
(1977a) and Griffin et al. (1981) and in several 
contributions in Griffin & MOrk (1981). Perhaps 
the most obvious indigenous crustal eclogites are 
the sills and dykes of metadolerites and meta - 
basalts which preserve relics and eclogitic 
pseudomorphs of low- pressure igneous phases. 
These are known from the Surnadal synform 
(T¢rudbakken, 1981; TOrubakken & Rdheim, 
1981), the Molde peninsula (Harvey, unpublished 
data; Carswell & Harvey, 1983), Kristiansund 
(Rüheim, 1972; Griffin & Riheim, 1973), 
SunnmOre (M¢rk, 1982; Gjelsvik, 1952), 
Flatraket, Stadlandet (Lappin, 1966), MalOy 
(Bryhni et al. 1977) and Dalsfjord, Sunnfjord 
(Cuthbert & Carswell, 1982; Cuthbert, unpub- 
lished data). Original igneous margins are pre- 
served at MidOy, Moldefjord (Griffin & Carswell, 
1983), at Flatraket and MilOy, where the dykes 
intrude granulite facies mangerites (Bryhni et al., 
1977) and at Dalsfjord (Cuthbert & Carswell, 
1982; Cuthbert, unpublished data). Where the 
margins of these bodies are sheared but not 
hydrated, granoblastic aggregates of garnet and 
omphacite occur which are often indistinguis- 
hable from the eclogite pods found elsewhere in 
the gneisses. 
Within these metadolerites the original igneous 
assemblage appears to have been plagio- 
clase + clinopyroxene ± olivine ± orthopyroxene 
± oxides. The common coexistence of plagioclase 
and olivine indicates crystallization at pressures 
certainly less than 10 kbar (Mysen & Heier, 1972) 
and temperatures greater than 1100 °C. A 
sequence of corona -forming reactions has pro- 
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gressively transformed this assemblage to essen- 
tially bimineralic eclogite. These reactions are 
summarized in Table 1, and discussed further 
below. 
Layering is a common feature of both eclogites 
and garnet peridotites. At Ulsteinvik and 
Eiksunddal eclogite mineralogical layering has 
been demonstrated to mimic original igneous 
layering, sometimes rhythmic in character 
(Schmitt, 1964; Mysen & Heier, 1972; Carswell et 
al., 1983). Other types of layering in eclogites may 
be a result of eclogitization of sediments, or 
interbanded sediments and igneous rocks. A 
number of occurrences of eclogite along western 
Nordfjord expose interbanded pyroxene -rich or 
quartz -rich layers (Bryhni, 1966; Bryhni & 
Griffin, 1971; Bryhni, 1981) and in the Moldefjord 
area marble lenses occur within a large area of 
retrograded eclogite. The marbles contain silica - 
rich layers and grade into eclogites (Hernes, 1954; 
Carswell & Harvey, 1983; Harvey, unpublished 
data). Carswell & Harvey (1983) consider these 
rocks to have been submarine basic volcanics 
interbedded with limestones. 
High- pressure assemblages in the gneisses 
It has been recognized for some time that high - 
pressure parageneses are occasionally preserved 
in the gneisses. 
Pelitic gneisses adjacent to the Ulsteinvik 
eclogite, Hareidlandet, contain the assem- 
blage garnet + omphacite + biotite + plagioclase 
+ quartz, the omphacite now being represented 
by a diopside- plagioclase symplectite. Gneissic 
meta -xenoliths in this eclogite have the assem- 
blages garnet + orthopyroxene + plagioclase 
+ quartz and garnet + kyanite + clinopyroxene 
+ plagioclase + quartz. Garnets in these xenoliths 
contain inclusions of omphacitic pyroxene 
(Mysen & Heier, 1972; Griffin & Mprk, 1981). 
These assemblages suggest metamorphism under 
the same conditions as the eclogite (800 °C, and 
18 kbar-Griffin et al., 1981). 
Syenitic gneisses from Tafjord also locally 
contain symplectic clinopyroxenes (Brueckner, 
1977), as do some augen gneisses in the 
Moldefjord area (Carswell, 1981; Carswell & 
Harvey, 1983). In the latter case the symplectites 
are rimmed by rather grossular -rich garnet cor- 
onas, suggesting equilibration at > 9 kbar at 
700 -800 °C (cf. Green and Mysen, 1972). 
In the intermediate augen -gneisses (mangerites) 
at Flatraket, Stadlandet, and Md10y, the as- 
semblage garnet ± clinopyroxene + plagioclase 
i K- feldspar + quartz ± kyanite is found, 
garnet -clinopyroxene pairs giving the same 
equilibration temperatures as the adjacent eclo- 
gites (Krogh, 1977b, using 
Gt -Cpx 
KDFe2 + /Mg2+ 
as for Ellis & Green, 1979). 
Krogh (1980a,b) has demonstrated co- facial 
eclogites and gneisses from two areas; Fprde, 
Sunnfjord and Kristiansund. At Fprde, rather 
low -temperature eclogites record conditions of 
630 ± 35 °C, 15.0 ± 2.5 kbar (Naustdal) and 540 
± 35'C, 12.5 ± 2.5 kbar (Kvineset). In the gneisses 
garnet -omphacite pairs give similar temperatures 
(Ellis & Green, 1979). The assemblages annite 
+ K- feldspar + magnetite + quartz, ferropar- 
gasite + garnet + plagioclase + clinopyroxene 
+ magnetite + quartz, garnet + acmitic clinopy- 
roxene + plagioclase + magnetite and garnet + 
phengite + annite + quartz which occur in the 
gneisses are also compatible with the conditions 
deduced for the eclogites. At Kristiansund, three 
garnet granulite samples contain garnet + clino- 
pyroxene + quartz + epidote ± plagioclase ± 
amphibole ± rutile, the garnets containing inclu- 
sions of clinopyroxene, quartz and rutile or 
clinopyroxene, quartz, biotite and white mica. 
Using garnet -clinopyroxene pairs, jadeite content 
of omphacite, garnet + clinopyroxene + plagio- 
clase + quartz in the absence of orthopyroxene 
and CaAl2Si2O6 -rich clinopyroxene + quartz, 
conditions for the granulites are estimated at 18.5 
+ 3.0 kbar and 750 ± 50 °C (see Fig. 4). 
On Midpy, Moldefjord, anatectic backveins of 
gneiss in eclogites preserve the assemblage Ca- 
rich garnet + kyanite + plagioclase + quartz -1 K- 
feldspar + omphacite. Geobarometry on this as- 
semblage (method of Ghent, 1976) gives a pre- 
ssure of 19 -21 kbar at 750 °C. This pressure is the 
same as that deduced for many eclogites in this 
area. Hence, in this case, both geological and 
mineral -chemical data suggest an in -situ meta- 
morphic origin for the eclogite (Griffin & MOrk, 
1981; Griffin & Carswell, 1983). The assemblage 
garnet + plagioclase + kyanite + quartz is being 
discovered widely in the BGC and gives meta- 
morphic conditions compatible with those for 
adjacent eclogites (Griffin, pers. comm., 1982). 
Similar anatectic backveins are known from the 
Fprde area (Krogh, 1980a) and the Dalsfjord area 
(Cuthbert, unpublished data) in Sunnfjord, where 
they contain garnet + ( diopside + plagioclase 
symplectite) or omphacite + phengite + quartz 
and are gradational into garnet + omphacite 
+ phengite eclogites. 
Hence it is becoming apparent that high- 
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pressure assemblages are not uncommon in the 
gneisses. Indeed, they may prove to be as common 
as the more obvious eclogites and garnet peri- 
dotites. However, in common with the latter, these 
assemblages are often retrograded to hydrous 
amphibolite- facies assemblages. 
Orthopyroxene eclogites and garnet peridotites 
In a recent review of orthopyroxene -bearing 
eclogites in the BGC. Carswell et al. (1983) have 
derived metamorphic equilibration pressures con- 
siderably lower than those obtained earlier by 
Lappin & Smith (1978). Eclogites within gneisses 
('external eclogites') have values of 700 -740 °C, 
and 17 -18 kbar. whilst 'eclogites' (garnet webste- 
rites) forming layers within garnet peridotite gave 
710 C. and 20 kbar. Hence conditions deduced 
for these rock types appear to be mutually 
compatible and also match conditions for more 
aluminous eclogites and high -pressure granulites 
in the NW coastal areas of the BGC. 
Considerable disequilibrium among orthopy- 
roxene. clinopyroxene and garnet exists in these 
rocks and may have been the cause of previous 
anomolously high pressure estimates. Further- 
more Carswell et al. (1983) suggest that the 
pyroxenes with exsolution features were probably 
never in equilibrium with garnet, invalidating the 
high pressure and temperature values derived 
from the reconstructed mineral analyses 
(Carswell, 1973a; Lappin & Smith, 1978). 
An upper mantle origin for some of the peri- 
dotites is still postulated (Carswell, 1968a, b, 
1973b: Carswell & Gibb, 1980; Carswell et al., 
1983: Medaris, 1980, 1982) on the basis of bulk - 
rock geochemistry, mineralogical compari- 
sons with nodules from kimberlites and geo- 
thermobarometry. Until recently there has 
been a tacit assumption that they represented 
primary sub -continental mantle, but recent evi- 
dence has complicated the issue. Griffin & Qvale 
(1981, see also Griffin & M¢rk, 1981) have 
favourably compared the composition of an ec- 
logite body within the Almklovdalen peridotite at 
Raudkleivane with that of ferroan basaltic amphi- 
bolite dykes in Caledonian alpine -type serpenti- 
nites from the Bergen area. The Raudkleivane 
eclogite contains garnets with strong prograde 
zoning (see below) and amphibolite facies mineral 
relics and it is inferred that this peridotite has 
evolved by prograde ('crustal') metamorphism of 
a serpentinized peridotite. 
Carswell et al. (1983) have reported the pre- 
sence of early spinel relics with garnet coronas in 
geochemically similar peridotites to that at 
Almklovdalen, providing further evidence of pro - 
grade metamorphism. This raises the possibility 
that some of the garnet peridotites may have been 
derived from sub -oceanic mantle. Some features 
of garnetiferous peridotites like those at 
Kalskaret, Tafjord (Carswell, I968a) are similar to 
those described in some ophiolites containing 
primary high P -T mantle assemblages (Spray, 
1982). These are thought to be fragments of 
lithosphere from incipient rifts or marginal basins 
where large scale mantle diapirism has taken 
place. This similarly deserves further investiga- 
tion, particularly in view of the contention of 
Gebauer et al. (1982) that some eclogites had 
basaltic protoliths originating in back -arc basins. 
The uniformity of P -T estimates for eclogites 
and garnet peridotites indicates that, whatever 
their origin, they have been metamorphosed 
under very high confining pressure. Carswell & 
Gibb (1980) have suggested that the peridotites 
gained their present mineralogical constitution 
after emplacement into their present host rocks 
during high P/T metamorphism operative on a 
regional scale. 
Prograde and retrograde metamorphism 
and P/T trajectories 
Evidence for a low- pressure pre -eclogite facies 
metamorphism is commonly preserved in eclo- 
gites in the BGC, in the form of corona structures 
and compositional zoning in minerals, usually in 
garnets. 
Table I shows the sequence of corona -forming 
reactions, as described by Griffin & Bryhni (1977), 
Griffin & Raheim (1973) and Griffin & Heier 
(1973). Early reactions consume the solidus 
phases, producing low- pressure granulite assem- 
blages (e.g. aluminous pyroxenes + spinel + 
plagioclase) then high -pressure granulites (garnet 
+ low A 1 pyroxenes + plagioclase) before final 
consumption of plagioclase to produce ompha- 
citic pyroxene and almandine -pyrope -grossular 
garnet. Griffin & R2heim (1973) considered that 
these reactions were a continuous sequence occur- 
ring during cooling and compression from solidus 
conditions. However, studies in the anorthosites 
of the Bergen Arcs show that although this may 
have been the case for the granulite -facies cor- 
onas, the eclogite event was superimposed at a 
later, separate stage (Austrheim & Griffin, 1982). 
Also at Dalsf ford, Sunnfjord, low- temperature 
breakdown of plagioclase predates the eclogite- 
facies corona assemblage, implying considerable 
cooling prior to eclogitization (Cuthbert & 
Carswell, 1982; Cuthbert, unpublished data). Late 
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stage breakdown of omphacite and garnet pro- 
duce secondary plagioclase coronas, which Griffin 
and Raheim (1973) have interpreted as being a 
result of strong decompression. 
Although the coronites provide striking exam- 
ples of eclogitization of low- pressure protoliths, 
the likelihood of temporal breaks in their evol- 
ution and strong overstepping of the stability 
fields of the minerals involved (cf. Griffin & 
Ràheim, 1973) makes construction of P/T trajec- 
tories for their evolution difficult. 
Chemical zoning in garnets is common in the 
eclogites and, locally, the gneisses southwards 
from Nordfjord. Relict mineral suites (including 
amphibole, zoisite, white mica, feldspars and 
pyroxenes) are often preserved within garnets. 
Thus these rocks provide a useful window for 
examination of the pre- eclogitic history of the 
BGC. 
Two early studies (Bryhni & Griffin, 1971; 
Ràheim & Green, 1975) discussed the interpret- 
ation of compositional zonation in garnets. The 
factors affecting zoning patterns include rates of 
intergrain and volume diffusion (controlled by 
temperature, fluids, deformation and cooling 
rate), fractionation due to removal of components 
from the reacting system into earlier grains, 
distribution coefficients (K°) for continuous ex- 
change reactions and availability of new com- 
ponents during mineral breakdown resulting 
from discontinuous reactions. The latter two are 
P/T dependent. The good correlation between 
mineral compositional variation and zonal chan- 
ges in inclusion suites (e.g. Bryhni et al., 1977; 
Krogh, 1980a, and unpublished data) suggests a 
strong P/T effect and therefore confirms the 
usefulness of these features in the deduction of 
PIT histories. 
Figure 3 shows zoning profiles from three 
eclogite garnets, from Gj¢rlanger by Dalsfjord, 
Sunnfjord (Cuthbert, unpublished data), 
Verpeneset, Nordfjord (Bryhni & Griffin, 1971; 
Krogh, unpublished data) and Langvatnet, Molde 
peninsula (Harvey, unpublished data). The exam- 
ples from GjOrlanger and Verpeneset both con- 
tain relict amphibolite - facies assemblages in 
garnet cores and eclogite -facies assemblages 
nearer the rims. The amphibolite- eclogite trans- 
ition is marked by a strong rimward increase in 
pyrope content and a decrease in spessartine and 
almandine. In the Verpeneset example amphibole 
compositions show a systematic variation from 
the core, with a marked change at the eclogite 
transition. Similar patterns are found in eclogites 
from the Naustdal area, Sunnfjord (Krogh, 
1980a) but the rim zone assemblages and the 
eclogite matrices are characterized by the presence 
of glaucophanitic amphibole. Although these pat- 
terns can be partly explained by chemical fraction- 
ation, the evidence for prograde metamorphism is 
particularly convincing here. 
Suggested P/T paths for the Sunnfjord eclo- 
gites and gneisses (after Krogh, 1980a) and the 
Verpeneset and Romsdalshorn eclogites arc 
shown in Fig. 4. Maximum conditions for the 
Sunnfjord area are 510-630`C, and 12 -15 kbar 
(Krogh, 1980a; Cuthbert & Carswell. 1982: 
Cuthbert, unpublished data) and for the 
Verpeneset eclogite are 740`C, and 17 -19 kbar. 
In contrast tc3 the above. the Langvatnet ec- 
logite garnets show rather fiat profile (Fig. 3) 
and narrow, retrogressive rims (decreasing 
Mg-" / (Mg2 ` + Fe' - ): Mn and Ca show similar 
profiles). The garnets sometimes contain inclu- 
sions of rutile, omphacite and quartz, with no 
obvious zonal arrangement. Similar profiles are 
reported for an eclogite garnet from Reset, outer 
Romsdal (Krogh, unpublished data) and appear 
to be common in eclogites where 
Gt-Cpx 
K °Fe2 ̀ /Mg2' 
is less than 6.0, corresponding to temperatures 
above about 725 °C. This may be a result of more 
effective volume diffusion in garnets at these high 
temperatures, wiping out any prograde zoning. 
The narrow, retrograde rims may thus represent 
late growth or restricted re- equilibration due to 
limited intergrain diffusion below this threshold 
temperature. The matrix omphacites have lower 
jadeite contents than the inclusions, possibly 
reflecting a significant drop in pressure at a late 
stage. This is the opposite to the situation found in 
prograde eclogite garnets at Naustdal (Krogh, 
1980a) and Verpeneset (Krogh, unpublished 
data). 
Secondary, retrogressive features of eclogites 
include breakdown of omphacite to diopside- 
plagioclase or amphibole -plagioclase symplec- 
tites, breakdown of garnet + quartz to produce 
enstatite + plagioclase, and reaction of garnet 
+ clinopyroxene to produce amphibole 
+ plagioclase + enstatite symplectites. Phengites 
in eclogites and gneisses breakdown to biotite + 
phengite or biotite + K- feldspar + kyanite. 
Glaucophane and barroisite may be replaced by 
amphiboles more similar to those in garnet cores. 
Prograde garnets (e.g. Fig. 3c) show narrow 
retrograde rims in some cases. Latest stage alter- 
ation involves the formation of chlorite and 
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Fig. 3. Compositional zoning profiles and mineral inclusion suites for garnets from Verpeneset, Nordfjord 
(Krogh, unpublished data), Langvatnet, Moldefjord (Harvey, unpublished data) and Gj¢rlanger, Sunnfjord 
(Cuthbert, unpublished data). Open circles -almandine component; triangles -grossular component; diamonds - 
pyrope component; squares -spessartine component; closed circles -Mg2 /(Mg2 /Fe2 ). Amph = amphibole; 
Zo = zoisite; Pg = paragonite; Qtz = quartz; Rt = rutile; Omp = omphacite; Ky = kyanite; and Il = ilmenite. 
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Fig. 4. Petrogenetic grid showing P T trajectories for eclogites from Sunnfjord (s) (after Krogh, 1980a). 
Verpeneset (V) and Romsdalshorn (R), M¢reog Romsdal (Krogh, unpublished data). A -Ab = Jd + Qtz 
(Holland, 1979, 1980), B -lower stability of DiJd40 +Qtz (Holland, 1979, 1980), C-Lws + Ab = Zo + Pg + Qtz 
+ vapour (Holland, 1979), D- Lws +Jd = Zo + Pg + Qtz + vapour (Holland, 1979), E -wet eclogite solidus 
(Lambert & Wyllie, 1972), F-Zo + Ky + Qtz = liq. +vapour (Boettcher, 1970), G-Zo + Ky + Qtz = An + vap 
(Boettcher. 1970), H- plagioclase out in high -Al basalt /andesite (extrapolated from Stern, Hung & Wyllie, 
1975), I- special iherzolite garnet Iherzolitetransition (O'Hara, Richardson & Wilson, 1971), J- maximum 
stability field for glaucophane, ticks point towards stability field (Maresch, 1977), K- Marg +Ab = Pg +Zo 
+Qtz (Franz & Althaus, 1977), L -Pg = DiJd40 +Ky +vapour (Holland, 1979). Stippled area -P/T conditions 
deduced for granulites near Kristiansund (Krogh, 1980b). Triangle -best estimate of P/T for orthopyroxene 
eclogites in the BGC (Carswell et al., 1983). Diamond -best estimate of P1T for garnet lherzolites in the BGC 
(Carswell & Gibb, 1980). Inset -P;T trajectories plotted against generalized metamorphic facies boundaries. 
published data; Lappin & Smith, 1978; Griffin & 
Carswell, 1983). These features are thought to be a 
result of strong decompression with little change 
in temperature, imparting a rather hairpin- shaped 
profile to P/T trajectories (Fig. 4) (Krogh, 1977a, 
1980a; Griffin et al., 1981). Similar profiles are 
reported from other orogenic belts containing 
eclogites implying, perhaps, a common tectonic 
process for their metamorphic evolution (e.g. 
Ernst & dal Piaz, 1978; Ernst, 1977, 1981; 
Maresch & Abraham, 1981). 
Regional temperature and 
pressure variation 
It will be apparent from what has been said above 
that a range of P/T conditions occurs not only 
within individual eclogites, but also between 
them. Bryhni et al. (1977); Krogh (1977a); Griffin 
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values for rim compositions and estimated tem- 
perature on a map of the BGC and find a 
systematic increase in K °and T towards the NW 
coast. The lowest temperatures are recorded in 
Sunnford, where 'type C' glaucophane- bearing 
eclogites outcrop. The highest temperatures are 
recorded between Stadlandet and Kristiansund. 
Pressures also increase in the same sense for the 
eclogites and continuing research suggests a si- 
milar pattern is recorded in garnet + plagioclase 
+ kyanite + quartz assemblages in the gneisses 
(Griffin, pers. comm.). 
This regional pattern is thought to be a result of 
crustal 'subduction' during continental collision 
(Krogh, 1977a), now thought to be of Caledonian 
age, as discussed above. The variation is con- 
sistent with the findings of Krill (1981b) who 
reported decreasing 
Gt -Biot 
KD Fe' * /Mg' 
values (cf. Ferry & Spear, 1978) westwards from 
the eastern margin of the BGC and westward 
change of metabasites from amphibolites to 
eclogites. 
The superimposition of this regional variation 
of temperature and pressure on the structurally 
complex BGC puts strong constraints on tectonic 
models for the origin of the eclogite -facies as- 
semblages. First, it implies superimposition of 
high -pressure metamorphism on existing major 
structures. Second, it considerably reduces the 
credibility of foreign origin hypotheses unless 
some special mechanism can be explained for the 
variation which is consistent with regional geo- 
logical relationships. Further resolution of this 
matter urgently requires extensive fieldwork to 
map out the major tectonic units, and detailed 
petrographic and geothermobarometric studies 
across large amplitude structures to ascertain the 
relative age of eclogite metamorphism with re- 
spect to deformation episodes. 
In order for the regional variaton to have 
remained intact the BGC must have emerged as a 
fairly rigid, coherent body. The pressure variation 
implies that the uplift hinged somewhere in the 
SE, possibly near to Jotunheimen. Some disturb- 
ance of the iso -KD lines seems to have occurred in 
Sunnfjord, perhaps due to late movement at the 
base of the Sunnfjord nappe (Griffin & MOrk, 
1981; Cuthbert, unpublished data). 
Summary of metamorphic evolution 
High -pressure assemblages seem to have formed 
early in the observed tectonic history of the BGC, 
probably early in the formation of the present 
tectonostratigraphy. This metamorphism has af- 
fected all the lithologies and any 'foreign' frag- 
ments (oceanic crust, and upper oceanic, back -arc 
or sub -continental mantle) have equlibrated es- 
sentially in their present position relative to their 
host gneisses. A P/T history is recorded in which 
low- pressure protoliths suffered a rapid compres- 
sion with some heating, followed by a rapid 
decompression which may have been nearly ad- 
iabatic or isothermal. Disequilibrium on all scales, 
including preservation of pre -Caledonian para- 
geneses, prograde Caledonian parageneses and 
mineral zoning and only partial retrogression 
implies that the high -pressure event was rather 
short -lived. The regional P/T variation implies 
superimposition of an increasing overburden to- 
wards the W, up to about 65 km in thickness. The 
preservation of blueschist -type parageneses in 
Sunnfjord implies short -lived depression of 
rather cold (upper ?) continental crust to con- 
siderable depths (up to 45 km). 
GEOPHYSICS 
The aim of this section is twofold. The first part 
will discuss evidence for the deep structure of the 
BGC and adjacent areas. The second part will 
explore the isostatic constraints on the evolution 
of the eclogite bearing terrain and attempt to 
throw some light on the possible thermal evol- 
ution of the BGC. 
Deep structure 
It is now generally accepted that the Caledonian 
orogenic belt has formed as a result of the 
collision of the Baltic- European continental plate 
with the Greenland- American continental plate 
following closure of the Iapetus ocean (e.g. 
Dewey, 1969, 1982; Phillips, Stillman & Murphy, 
1976). The presence of ophiolite fragments in 
thrusted nappes in the Scandinavian Caledonides 
suggests that a geosuture exists close to the 
present coast of western Norway, marking the line 
of continental collision (Gale & Roberts, 1974; 
Gee, 1975, 1978; Fumes et al., 1976; Andresen & 
Faerseth, 1982). 
A comprehensive geophysical survey off the 
Norwegian coast (Talwani & Eldholm, 1972) has 
revealed the presence of a marked belt of high 
gravity and magnetic anomalies parallel to the 
coast between Trondheim and Stadlandet, trend- 
ing towards Shetland and the N coast of Scotland. 
These are attributed to intrabasement density 
contrasts of pre- Permian age and have been 
related to dense Lewisian mafic granulites, as seen 
80 S. J. Cuthbert, M. A. Harvey & D. A. Carswell 
in NW Scotland (Talwani & Eldholm, 1972; 
Watts, 1971). Gee (1975) suggests that these 
anomalies mark a dramatic change in the nature 
of the basement crust and may mark the junction 
between the ancient, Lewisian -type crust of 
Greenland and Scotland and the granitic, Gotho- 
grenvillian -type crust of the Baltic shield. In this 
case the line may well represent a geosuture. 
However, the close proximity of these anomalies 
to the ophiolites on the W coast of Norway, and in 
particular to that on Shetland (Mcquillan & 
Brooks, 1967; Pritchard, 1981) may suggest that 
they represent an ophiolite -lined suture. Inter- 
pretation of the significance of these anomalies is 
complicated by their proximity to the Great Glen 
transform fault. Very large strike -slip movements 
on this fault may put the Lewisian rocks in close 
proximity to present northern Norway (Kent & 
Opdyke, 1979) perhaps invalidating these hypo- 
theses. However, smaller movements ( < 500 km) 
constrained by the geometry of the Barrovian 
metamorphic zones of Scotland, may only slightly 
affect the continuity of the anomalies as they lie 
essentially parallel to the fault. 
The presence of a geosuture so close to the 
BGC may mean that the leading edge of the 
Greenland Plate may have over -ridden the BGC 
and therefore could provide at least part of the 
great overburden required to satisfy the geobar- 
ometric estimates. Such a hypothesis can only be 
very simplistic in view of the complex nature of 
the plate- margin collisions (Dewey, 1982). The 
presence of eclogites and garnet peridotites on the 
corresponding east coast of Greenland (Smith & 
Cheeney, 1981) suggests depression of the 
Greenland margin to great depths implying also 
either that this part of the E Greenland 
Caledonides represents part of the same struc- 
tural entity as the BGC and the suture lies further 
west still, or that both margins have been de- 
pressed below some intervening structure, per- 
haps a microcontinent, an Andean -type orogen or 
just a telescoped continental margin similar to 
that envisaged here for the BGC but thrust in an 
opposing direction. Thus, although at present we 
may be able to pin -point the primary geosuture (if 
such a structure exists), we still cannot precisely 
reconstruct the nature of the upper collided plate. 
Seismic reflection studies akin to the COCORPS 
or BIRPS experiments may help to resolve this 
problem in the future. 
Seismic refraction and reflection studies in S 
Norway give some clues to the deep structure of 
the BGC. A recent COCORP reflection profile 
has revealed the presence of a crustal low velocity 
layer (LVL) at approximately 12 -14 km below 
the present land surface in the Mçre area 
(Mykkeltveit, Husebye & Oftedahl, 1980). This 
LVL has been best defined over a length of about 
50 km, and seems to be about 4 km thick with a 
westward dip of < 2` (Fig. 5E). It cannot be 
explained by heat flow anomalies and 
Mykkeltveit et al. (1980) suggested that the LVL 
results from incorporation of oceanic crust and 
sediments during overthrusting of the BGC over 
the Baltic margin. Such a model has many faults, 
on the basis of the information outlined in this 
paper, not the least of which is that it precludes the 
development of Caledonian eclogites in the BGC. 
Seismic refraction studies carried out by work- 
ers at the Seismological Observatory at Bergen 
show similar results to those of Mykkeltveit et al. 
(1980). Sellevoll & Warrick (1971) discussed 
the results of two traverses across S Norway, 
from Fedje (Bergen Arcs) to Grimstad (S coast) 
and Flora (W coast, BGC) to Asnes (near Swedish 
border in Proterozoic foreland). They constructed 
a model in which the crust outside the 
Caledonides has a 6.00 km /sec P -wave velocity 
for the upper crustal layer, underlain by a 
6.51 km /sec layer below about 18 km, with the 
Moho reflector at about 33 km. An interesting 
observation is that within the area corresponding 
to the BGC and the Bergen Arcs an additional 
upper high -velocity layer (6.32 km /sec) is present. 
It was suggested that this is underlain by a low 
velocity layer with a base at about 14-17 km. The 
velocity of the LVL was taken as that of the 
surface layer at Grimstad (6.00 km /sec). Also 
Kanestr$m (1977) has described a detailed refrac- 
tion study in the M¢re area to the W of that by 
Mykkeltveit et al. (1980) and found evidence for a 
LVL (5.00 km /sec) 7 km thick with its top at 9 km. 
The upper layer velocity was 6.20 km /sec, also 
higher than that in the foreland. 
From these studies another interpretation for 
the velocity reversal may be suggested in which 
the LVL results from the superposition of a high 
velocity layer over crust of normal velocity distri- 
bution. This does not entirely discount the pre- 
sence of supracrustal material in the LVL. The 
anomolously high upper layer velocity is interest- 
ing in that it coincides with the outcrop of an 
eclogite- bearing terrain where dense high - 
pressure parageneses may still be common, de- 
spite retrogression. 
In recent years seismic mapping of velocity 
changes and reversals has made significant contri- 
butions to our knowledge of orogenic belts, 
indicating the superposition of large masses of 
crystalline continental crust over each other and 
over supracrustal layers in, for example, the 
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Fig. 5. Evolutionary model for the Basal Gneiss Complex, as described in the text. For details see Table 2. 
Appalachians (Cook, Albaugh, Brown, Kaujman, 
Oliver & Hatcher, 1979), the Alps (Hsü, 1979) and 
the Scottish Caledonides (Soper & Barber, 1982). 
The latter two examples suggest crustal -scale 
imbrication. A major problem in developing a 
tectonic model for the BGC is to find a viable 
mechanism by which crust which has been buried 
to depths of up to 70 km can be restored to the 
Earth's surface and still have a crust of near - 
normal thickness beneath it. We suggest that 
following the early phase of collision, in which the 
eclogitic parageneses formed in a tectonically 
thickened and overthrust continental margin, a 
phase of suture progradation (Roeder, 1979) 
caused underthrusting of continental crust (and 
supracrustal cover ?) below the eclogite- bearing 
terrain, hence providing the isostatic impetus for 
its uplift. 
Isostasy and thermal history 
Bird, Toksöz & Sleep (1975) have made a theoret- 
ical study of the mechanical and thermal effects of 
continent -continental collision. They found that 
when subduction of continental crust follows that 
of the oceanic slab, the greater thickness of the 
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continental lithosphere tends to resist bending, so 
that downwarping tends to occur at some distance 
in front of the original suture zone. Furthermore, 
the buoyancy of the continental crust introduces 
large deviatoric stresses on the downgoing slab. A 
combination of these factors causes a large, low 
angle thrust to form in the underthrust plate, 
making it easier for the continental crust to 
continue underthrusting. This results in suture 
progradation. Should the contact between the 
dense oceanic crust and the continental crust be 
disrupted by this shearing, the oceanic slab will 
become detached and sink, perhaps removing the 
driving force for continental underthrusting. In 
this case crustal doubling will cease and isostatic 
compensation, aided by surface erosion, will act to 
restore the crust to a more normal thickness. Bird 
et al. (1975) and Toksöz & Bird (1977) have 
applied this model to the Zagros mountains and 
the Himalayas. 
Dewey (1982) shows that during continental 
convergence crustal imbrication will tend to occur 
by reversal of listric normal faults formed during 
the early phases of basin development. The form 
taken by this `tectonic telescoping' will vary 
between thin -skinned flaking and whole -crust 
imbrication, depending on the previous thermal 
history of the margin. Where the cold, ̀ elastic lid' 
is of crustal depth, faulting may take in slivers of 
upper mantle material during thrusting. 
A combination of the latter two mechanisms 
would tend to produce a prism of imbricated 
crust, possibly of great thickness, between the 
primary geosuture and a low angle prograde 
suture, a situation apparently developing at pre- 
sent in the Zagros mountains and the Himalayas 
(Bird et al., 1975; Powell & Conaghan, 1973; 
Barazangi & Ni, 1982; Shackelton, 1981) and one 
which may be directly analogous to the S 
Norwegian Caledonides. 
The thermal effect of this geotectonic scenario 
will depend on a number of factors, including the 
rate of underthrusting (and, therefore, frictional 
heat production), the rate of surface erosion, the 
effect of density changes due to metamorphic 
reactions with high AV, the effect of radiogenic 
self -heating and the previous thermal history of 
the continental margins (England &Richardson, 
1977; Bird et al., 1975; Toksöz & Bird, 1977; 
Richardson & England, 1979; Draper & Bone, 
1981). The existence of blueschist mineralogy in 
parts of the BGC suggests downward transport of 
fairly cold crustal material. Its preservation sug- 
gests high initial uplift rates and rapid exhum- 
ation, which may require tectonic stripping in 
addition to erosion (Draper & Bone, 1981). 
However, the P -T conditions for garnet peri- 
dotites and eclogites in the Molde- Kristiansund 
area ( 750 °C, and 20 kbar) lie along the 
Precambrian shield geotherm (Carswell & Gibb, 
1980) and may indicate some thermal relaxation 
to a more stable geotherm prior to uplift here, in 
an area which may be closer to the mantle heat 
flux source. 
Most recent thermal models of overthrust 
orogenic belts (England & Richardson, 1977; 
Richardson & England, 1979; Thompson, 1981) 
result in a P -T path where some heating follows 
the metamorphic pressure peak. Although this 
may be the case in the north -western part of the 
BGC, where retrograde garnet zoning is pre- 
valent, it does not appear to be the case further S 
where very little change in T or even some cooling 
has occurred during decompression. Rubie (1982) 
has produced a model for the history of the Alpine 
Sezia -Lanzo zone in which a temperature rise 
during uplift is prevented by continuing subduc- 
tion of cold oceanic crust beneath the emerging 
crustal slab. Bird et al. (1975) show that significant 
heat transfer and self- heating do not occur in an 
underthrust continental slab until about 30 Ma 
after collision. Hence preservation of low -T para- 
geneses in the overlying thickened crust may be a 
result of the blanketing effect of the under thrust. 
slab. 
An alternative to this model might be that the 
recorded P -T trajectory is a result of interruption 
of thermal relaxation by very rapid uplift. It is 
interesting that the known volume of late oro- 
genic Devonian sediments does not balance the 
removal of up to 65 km of crust by erosion. The 
known volume includes that found in seismic 
studies of the Norwegian Sea and Northern 
North Sea where basin accumulations of up to 
6 km occur (Talwani & Eldholm, 1972). This 
discrepancy may be accounted for by considerable 
tectonic stripping, which would be the result of 
the unrooting and eastward translation of the 
nappe pile, as envisaged by Gee (1975, 1978, 1980). 
Very rapid unloading would have resulted from 
this. 
Griffin et al. (1981) and Griffin & M$rk (1981) 
have noted the close similarity between the ap- 
parent regional P -T variation in the BGC and 
that occurring at present at the top of the 
underthrust continental slab in the Zagros moun- 
tains (Bird et al., 1975). This may support the ideas 
outlined above, but far better resolution of this 
variation will be necessary before this similarity 
can be seen as anything but fortuitous. Indeed, it 
seems likely that in a tectonic window such as the 
BGC any observed P -T variation may be a result 
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of erosion to different crustal levels, a situation 
which may prove very useful for resolution of the 
thermal structure of the crust if its detailed 
tectonic structure is ever resolved. Moreover, the 
possibility that the P -T variation is diachronous 
cannot be ruled out as yet. 
In order to test the feasibility of the colli- 
sion- underthrusting- recovery scenario outlined 
above we have applied the isostacy equations of 
Ahnert (1970) as used by England & Richardson 
(1977) to a geotectonic model embodying the 
geological, geochronological, petrological and 
geophysical features outlined above. The equa- 
tions relate crust and mantle densities, surface 
height and erosion as follows: 
H = Ho - Fe 
(2b of England & Richardson, 1977) 
and 
E = Emax (1 - exp ( - ) 
(4b of England & Richardson, 1977) 
where Ho is the surface height at time t = 0, H is 
the surface height at time t, F = (1 - pc /pm), pc 
and pm being the densities of eroded material and 
the mantle respectively. E is the amount eroded 
after time t, Emax the amount eroded after infinite 
time and i. the erosional time constant. The values 
for these parameters were set by observing the 
follwing constraints. 
1. Maximum estimated pressures from mineral 
geobarometry are about 20 kbar, indicating burial 
depths of about 65 km for rocks now at the 
present land surface. Hence Emax = 65 km. 
2. Ahnert (1970) suggests that erosion rates seen 
in large mid -latitude drainage basins indicate 
erosional time constants as small as 55 km. This 
may be a maximum value if exhumation is 
enhanced by tectonic stripping, depending on the 
rate of nappe translation. A value of ì. = 55 km is 
taken here. 
3. Radiometric ages on eclogite minerals cluster 
around 420-400 Ma, with some as early as 
447 Ma. If these are taken to be fairly early closure 
ages then maximum crustal depth for the BGC 
was reached at least as early as 420 Ma. A lower 
bracket for commencement of final continental 
collision is set by the lowest Silurian age for part 
of the Köli supergroup (at least 450 Ma). We have 
set the maximum crustal depth achieved during 
collision at about 450 Ma for the purposes of this 
calculation. 
4. The end of orogenesis (i.e. uplift) was achieved 
by the time of deposition of the Devonian clastics 
in. middle Devonian times, and we use an age of 
about 385 Ma here. 
5. The total custal thickness achieved during 
collision is equal to Emax plus the depth to the 
present LVL, taken at - 14 km. This level is 
assumed to have been the Moho. Hence the 
crustal thickness at that time was about 80 km. 
The distance from the LVL to the present Moho is 
rather variable due to the coastwards rise in Moho 
level away from the Jotun nappes (Sellevol & 
Warrick, 1971; Ramberg & Grenlie, 1969; 
Kanestr¢m, 1973), but is generally about 25 km. 
For the purposes of the calculation it is assumed 
that this amount was added to the base of the 
imbricate prism at some time after primary colli- 
sion (the `secondary underthrusting event'). 
6. The present crustal thickness is about 40 km 
(maximum) with a surface elevation of about 
1.5 km. The crustal thickness at time t = 0 is 
arbitrarily set at 35 km, although it may have been 
somewhat thinner due to marginal extension 
during opening of Iapetus. 
Manipulation of these figures led, by trial and 
error, to a three stage scheme in which crustal 
protoliths could be depressed to 65 km and 
returned to the surface within 73 Ma (Table 2). 
This is slightly longer than the period indicated by 
the time constraints. It was found necessary to 
divide the secondary underthrusting event into 
two periods with a small thickening phase after 
the main one. Division of these main events into a 
number of smaller increments would probably 
further reduce the time needed. It is clear that a 
single stage thickening event woùld not have 
returned the eclogites to the surface in the time 
available, indicating the importance of the secon- 
dary underthrusting to provide the buoyancy 
impetus for their exhumation. Any delayed re- 
covery due to the development of an 'eclogite 
anchor' (Richardson & England, 1979) would also 
result in a poor fit with the time constraints. 
Maximum surface heights were broadly com- 
patible with those of the Himalayan belt at the 
present time. 
AN EVOLUTIONARY MODEL FOR 
THE BASAL GNEISS COMPLEX 
The model present here is intended to relate the 
main geological and geophysical features of the 
South Norwegian Caledonides to the metamor- 
phic evolution of the BGC as indicated by studies 
of relict high pressure assemblages. We make no 
detailed attempt to explain the pre -collisional 
history of this part of the orogen. For reviews of 
this see Gee (1975, 1978), Gee et al. (1981), Stevens 
& Gee (1981) and Andresen & Faerseth (1982). 
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Table 2. Calculated crustal thickening and erosion scheme for the evolution of the Basal Gneiss Complex during 












E (km) Event Fig. Age 
32 0 5A Pre -450 Ma 
-48 Continental collision, crustal thicken - 
ining by imbrication 
33 80 8.75 Partial thermal recovery, high P/T 
metamorphism 5B - 450 Ma 
+28.2 Isostatic recovery and erosion, retro- 
51.8 3.6 gressive metamorphism 5C 
-25 Second suture develops with underthrus- 
76.8 8.2 ting of Baltic foreland 5D 
15 j + 15.5 Isostatic recovery, tectonic stripping and 
l 61.2 5.3 erosion, continuing retrogressive meta- 
morphism 5D - 410 Ma 
- 2.5 Further crustal thickening, final eastward 
63.7 5.8 translation of allochthon 
25 jl+23.7 Isostatic recovery and erosion 40 1.5 
Deposition of Devonian molasse 5E - 385 Ma 
Figure 5 presents a series of sections showing the 
main features of the evolutionary model, which 
are also summarized in Table 2. 
In developing the model the following assump- 
tions were made. 
1. The eclogites and garnet peridotites equilib- 
rated in -situ within their present host gneisses. 
Hence the whole BGC has suffered eclogite facies 
metamorphism. 
2. The major structures in the BGC are of 
Caledonian age. 
3. The eclogite facies metamorphism was of 
Caledonian age. 
4. The LVL represents a structural discontinuity 
in the crust. 
All these assumptions are still matters of in- 
tense debate, but we believe that the information 
outlined in this paper strongly supports them as 
correct assumptions. The model is described 
below. 
Following closure of the Iapetus ocean and 
obduction of ophiolites and eunimatic island -arc 
sequences in the early Ordovician (A in Fig. 5), the 
Greenland and Baltic margins collided. The Baltic 
margin underthrust that of Greenland and was 
tectonically telescoped, possibly along pre- 
existing faults, leading to the development of a 
stack of thrust sheets consisting largely of 
Proterozoic crystalline basement and cover, in- 
cluding some early Palaeozoic cover rocks. 
Caledonian ophiolites were also incorporated in 
the thrust stack and in the suture zone. 
Incorporation of ultrabasic fragments probably 
occurred at this stage, either due to thrusts 
transecting the upper sub -continental mantle or 
due to incorporation of basal oceanic or marginal 
basin lithosphere. The thrust stack included not 
only rocks now present in the BGC, but also those 
in the allochthon. 
The considerable horizontal shortening result- 
ing from this collision caused great crustal thic- 
kening (up to 80 km) so that pressures large 
enough to form eclogite facies assemblages pre- 
vailed. Initially compression was much more 
rapid than warming, so that low- temperature 
amphibolites and low -T glaucophane eclogites 
formed. Ultimately thermal relaxation due to 
conduction of mantle heat flux and radiogenic 
self -heating would have occurred, but this seems 
to have affected only those rocks which have 
attained the greatest depths (i.e. those which 
record the highest pressures) as they record the 
highest temperatures and show no prograde 
garnet zoning. However, the widespread dis- 
equilibrium shown in the BGC by mineral zoning, 
carona formation and relict granulite and igneous 
assemblages, as well as the preservation of low -T 
eclogites, implies that in large volumes of this 
early nappe pile, thermal relaxation was every 
limited and hence this high pressure event was 
only transient. Our isostatic calculations indicate 
a period of 33 Ma for this event, which is con- 
sistent with the thermal modelling of Bird et al. 
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(1975), and the time available between the de- 
position of the Köli supergroup and eclogite 
mineral (closure ?) ages. Andréasson & 
Gorbatschev (1980) describe the metamorphism 
of the nappes in the Trondheim- Ostersund area 
and suggest that common inverted metamorphic 
gradients are a result of incomplete thermal 
equilibration during early nappe thrusting. They 
also note evidence for early high -P metamorph- 
ism in some of the nappes as well as a westward 
increase in metamorphic grade. These features are 
consistent with the model. Andréasson & 
Gorbatschev (1980) suggested that the high -P 
event may have only lasted 15 Ma. 
The ON for the high -P metamorphism 
was probably largely provided by the great thick- 
ness of the nappe pile. The value of 65 km for the 
overburden may be an overestimate if there was a 
large amount of dense oceanic crust in the thrust 
stack. 
At this stage the strong positive buoyancy of the 
thickened prism of nappes caused strong uplift, 
aided by surface erosion upon its emergence 
above sea level. This would have had two effects. 
Firstly, the decompression would have caused 
retrogression of the high -pressure mineral as- 
semblages, observed as symplectitization of om- 
phacitic pyroxene and phengitic mica, followed by 
development of amphibolite -facies assemblages. 
The completeness of retrogression was probably 
aided by deformation -relict mineral assem- 
blages are most commonly observed in the least 
deformed rocks. Geothermometry indicates that 
very little change in temperature occurred during 
decompression. This may have been a con- 
sequence of the low rate of thermal conduction 
relative to uplift, as a result of which the uplift was 
essentially adiabatic. Thus the lack of extra ther- 
mal energy to drive reactions across kinetic 
barriers may have resulted in the common pre- 
servation of high pressure relics (Lappin & Smith, 
1978). Griffin & MOrk (1981) note that many 
retrogressive assemblages record pressures equi- 
valent to 8 -10 km. This may be a result of either a 
slowing down of the rate of uplift or a major 
deformational event. 
The second effect of the uplift would have been 
to cause gravitational instability in the higher 
parts of the nappe pile. This could have caused the 
commencement of translation of the allochthon 
away from its root zone in the nappe pile and 
towards the foreland. We speculate that the 
stretching involved in this translation may have 
been responsible for the pervasive amphibolite- 
facies foliation in the gneisses and the common 
boudinage seen in the eclogites. Recumbent iso- 
clinal folding occurred at or slightly before this 
stage. Some eclogite- bearing units were involved 
in the nappe translation now seen in the Seve 
nappe in Sweden (Roermund, 1981). 
At some time during this uplift period a major 
low -angle crustal fracture formed in the Baltic 
foreland (suture progradation). The foreland was 
then underthrust along this fracture below the 
eclogite- bearing base of the BGC. The thrust 
surface is now seen as the LVL, either as a result of 
emplacement of normal density upper crust below 
eclogite -bearning gneisses, or due to the incorpor- 
ation of some supracrustal sedimentary cover into 
this fracture system. The former alternative im- 
plies that little or no mineralogical equilibration 
to higher pressure parageneses took place at the 
top of the underthrust slab. 
The surface expression of this thrust may be 
where the basal décollement to the allochthon in 
central Sweden passes into the basement in the 
Grong -Olden culmination. This 'boundary 
thrust' would be analogous to the Main Boundary 
Thrust of the southern Himalayas (Powell & 
Conaghan, 1973; Shackleton, 1981; Baraganzi & 
Ni, 1982). The geometry of the boundary thrust 
further SW depends upon interpretation of the 
If it is accepted that the nappe has 
travelled from a source in the NW then its outcrop 
may simply cover the boundary thrust. If, how- 
ever, this Nappe has had a local, deep rooted 
source, its emplacement may have been a direct 
consequence of this suture progradation, either as 
a result of the detachment of an'Ivrea -type flake' 
(Battey & McRitchie, 1973; Smithson & 
Ramberg, 1974; Banham et al., 1979) or telescop- 
ing an ensialic marginal basin (Gibbs, 1982). In 
either case the formation of the duplex thrust 
system in the Valdres area may be at least partly a 
result of off- scraping of the supracrustal sedi- 
ments against the upper end of the boundary 
thrust as the foreland moved north -westwards 
below the hanging wall. 
This phase of crustal doubling provided further 
impetus for uplift and nappe translation, with the 
unrooted allochthon being replaced by higher 
units from the NW. In Sunnfjord, a break of 
about 3.5 -6.0 kbar is indicated by the different 
parageneses in the eclogite- bearing basement and 
the overlying Cambro -Silurian schists (Griffin & 
MOrk, 1981), but retrogressive assemblages in the 
gneisses may be broadly consistent with the 
conditions indicated by the schists, indicating that 
their final juxtapositioning occurred after uplift of 
at least 25 km. Hence the final uplift stage was 
probably only accompained by surface erosion 
and not tectonic stripping. The effect of adiabatic 
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upward transport of rather warm crust to these 
higher levels may well have had a strong thermal 
effect on the overlying allochthon, but this does 
not seem to be well documented, although 
Andréasson & Gorbatschev (1980) mention a 
'thermal pulse' succeeding nappe translation. 
Final emergence of the BGC in the early middle 
Devonian produced the present geometry of this 
part of the orogen, with the development of 
molasse -filled intermontaine basins controlled by 
late faulting. Guezou (pers. comm., 1981), as- 
sociates this with late transverse movement near 
the primary suture due to oblique collision. The 
appearance of the BGC as a culmination within 
the surrounding allochthon may be associated 
with frequently observed late dome structures 
(e.g. Lpset, 1977). If the regional P -T variation 
observed by Krogh (1977a) and Griffin et al. 
(1981) survives detailed scrutiny, it would appear 
that after imbrication and inter -folding of the 
lithologies forming the BGC it acted as a coherent 
body during uplift, except for minor movements 
as may be observed in the Sunnfjord area. 
Elucidation of the history of the BGC has great 
importance in geodynamic modelling of the 
Caledonides as it is likely that its uplift provided 
the driving force for final translation of the 
allochthon into its present position. Studies of 
high -pressure relics such as eclogites, garnet peri- 
dotites and high -pressure granulites play an im- 
portant part in this modelling. 
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Note added in proof 
It has been brought to our attention that the Griffin & Mork (1981) reference is not widely available. 
Readers are advised instead to refer to the major new review paper on `High- pressure metamorphism in 
the Scandinavian Caledonides' by W. L. Griffin, H. Austrheim, K. Brastad, I. Bryhni, A. G. Knill, E. J. 
Krogh, M. B. E. Mork, H. Qvale & T. Torudbakken to be published shortly in: The Caledonian 
Orogen -Scandinavia and Related Areas (eds. B. A. Sturt & D. G. Gee), John Wiley. 
Bull. Minéral. 
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The petrogenesis of contrasting Fe -Ti 
and Mg -Cr garnet peridotite types 
in the high grade gneiss complex of Western Norway 
by DI \\IS A. CARSWELL. NI \R t \ A. HARVEY and Atia\I AL- SAMNIAN- 
Depatnment of Geology. University of Sheffield. 1tappin Street. Sheffield. SI 31D. England. 
Abstract. - Attention is drawn to the existence of two compositionally different types of gametiferous peridoti- 
tes within the west Norway gneiss region. The Fe -Ti type comprises relatively ferriferous garnet peridotites 
)olivines Foh -._) with conspicuous amounts of Fe and Ti oxide phases. New whole rock and mineral analyses 
suggest that in the Eiksunddal Complex on Hareidlandet these rocks. together with dominant garnet pyroxenites 
and eclogites. developed from a layered intrusive complex of original low pressure (< IO kbar) olivine norite- 
peridotite cumulates perhaps genetically related to the rapakivi granite (augen gneiss)- mangerite- anorthosite 
igneous rock suite. The more restricted occurrences of comparable rocks at Raknestangen (Otrey), Kolmannskog 
( Molde area) and Lyngenes (Selje area have probably had similar origins. By contrast the Mg -Cr garnet 
peridotites (olivines Fog, ,p) have significantly lower Ti and higher Cr and Ni -contents and. together with 
associated garnet pyroxenites, are sporadically preserved within large mantle derived olivine dominated (Fog3-45) 
'alpine -type' peridotites bodies. New data on an occurrence of these rocks at Sandvik on Gurskey demonstrate the 
development of gametiferous peridotite from an original high temperature spinel- aluntinous pyroxenes peridotite 
assemblage. Possible pressure- temperature trajectories for the metamorphic evolution of both the Fe -Ti garnet 
peridotites and the Mg -Cr gametiferous peridotites are outlined and compared. It is emphasised that in both garnet 
peridotite types the eclogite facies mineralogies developed in a deep crustal environment under similar pressure - 
temperature conditions. 
Key words : garnet peridotite. Norway. P -T conditions. Eiksunddal. protoliths. 
Pétrogenèse des péridotites ù grenat riches en Fe -Ti et de celles riches en Mg -Cr qui leur font contraste dans le 
complexe métamorphique de haut grade de l'Ouest de la Norvège. 
Résumé. - L'accent est mis sur l'existence de deux types de péridotites à grenat de composition différente dans 
la region gneissique de l'Ouest de la Norvège. Le type Fe -Ti est formé de péridotites à grenat reiativement 
ferrifères (olivines Fo 67 -82) avec une teneur remarquable en oxydes de Fe et de Ti. De nouvelles analyses de 
roche totale et de minéraux suggèrent que dans le complexe de Eiksunddal en Hareidlandet ces roches. comme les 
pyroxénites a grenat et les éclogites associées plus abondantes. se sont développées à partir d'un complexe 
stratifie intrusif formé initialement de cumulats de norite à olivine- péridotite de basse pression (< 10 kbar) 
peut -titre génétiquement liés à la sequence ignée granite rapikiwi, (gneiss teillé)- mangérite- anorthosite. Les gise- 
ments plus restreints de roches comparables à Raknestangen (Otray). Kolmannskog (région de Molde) et Lynge- 
nes (region de Selje) ont probablement des origines semblables. En revanche. les péridotites à grenat riches en 
Mg -Cr (olivines Fo 82 -92) ont des teneurs particulièrement plus faibles en Ti et plus élevées en Cr et Mi et. 
comme les pyroxénites à grenat associées. sont sporadiquement préservées dans de grands- massifs de péridotite de 
"type alpin" à olivine prépondérante (Fo 93 -95) issus du manteau. De nouvelles données sur un gisement de ces 
roches à Sandvik près de Gurskey illustrent le développement d'une péridotite à grenat à partir d'une péridotite à 
pyroxènes et spinelle de haute température. Les trajectoires pression- température probables de l'évolution méta- 
morphique des péridotites à grenat riches en Fe -Ti et des péridotites à grenat riches en Mg -Cr sont presentees et 
comparées. Il est fortement suggéré pour les deux types de péridotites à grenat que les paragenèses du faciès 
eclogite se sont formées dans un environnement infra -crustal sous des conditions pression -température similaires. 
Mots -clés : péridotite grenat, Norvège, conditions pression -température, ` Éiksunddal, protolithe. 
INTRODUCTION 
In their review of occurrences of alpine -type 
ultramafic rocks in the Norwegian Caledonides 
and associated Basal Gneiss Complex, Moore 
and Qvale (1977) drew attention to the existence 
of three types of such rocks, distinguished on 
the basis of mineralogical and textural characte- 
ristics and field associations. They stressed that 
their type three ultramafic rocks are particularly 
in evidence within the high grade Basal Gneiss 
Complex in the Sunnmere district of western 
Norway and have to date received most attention 
because of the spectacular, although controver- 
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sial, occurrences of garnetiferous variants, no- 
tably garnet peridotites and garnet pyroxenites 
(garnet websterites). However it does not appear 
to have been appreciated that two compositio- 
nally contrasting types of garnet peridotites in 
fact occur within the eneisses of the More and 
Romsdal regions of west Norway. 
To highlight their chemical distinctions we 
propose to refer to these as Fe -Ti garnet perido- 
tites and Mg -Cr garnet peridotites, respecti- 
vely. Only the latter type. as exemplified by the 
occurrences at Almklovdalen near Aheim, Kals- 
karet near Tafjord and Ugelvik on Otroy, was 
recognised and discussed by Moore and Qvale 
(1977). 
In this paper, we emphasise the contrasting 
whole rock and mineral chemistries and litholo- 
gical associations of these two types of garnet 
peridotites by particular reference to new data 
on the occurrences of these different garnet peri- 
dotite types at Eiksunddal on Hareidlandet and 
at Sandvik on Gurskoy. The locations of these 
and other documented occurrences of the two 
garnet peridotite types are shown on figure 1. 
We shall also show that the two types are likely 




AND FIELD ASSOCIATIONS 
Type One : Fe -Ti garnet peridotites 
The occurrence of such rocks at Eiksunddal 
on Hareidlandet has previously been document- 
ed in a short published abstract by Schmitt 
(1964), although in the absence of data on their 
whole rock and mineral chemistries no mention 
was made of their distinctive chemical charac- 
ter. Schmitt described these garnet peridotites 
and associated garnet pyroxenites as being in- 
terlayered with hypersthene -, biotite- and horn- 
blende- bearing varieties of eclogite in a large 
(0.4 -1.0 km3) layered mafic- ultramafic com- 
plex. The hazardous access to critical parts has 
so far prevented a detailed study of this impor- 
tant rock complex, but we present here data on 
what we take to be a representative suite of sam- 
ples from this locality. 
KRISTIANSUND 
FIG. I. - Geographic map of western Norway show- 
ing the locations of garnet peridotite samples dis- 
cussed in this paper. Fe -Ti Type : 1. Eiksunddal : 
2. Raknestangen ; 3. Kolmannskog ; 4. Lyngenes. 
Mg -Cr Type : 5. Almklovdalen ; 6. Kalskaret : 
7. Ugelvik ; 8. Sandvik. 
Carte géographique de la partie Ouest de la Nor- 
vège montrant la localisation des exemples discutés 
dans cet article. Type Fe -Ti : 1. Eiksunddal ; 
2. Raknestangen ; 3. Kolmannskog ; 4. Lyngenes. 
Type Mg -Cr : 5. Almklovdalen ; 6. Kalskaret ; 
7. Ugelvik ; 8. Sandvik. 
Coarse -grained olivine free, hypersthene- 
biotite eclogite appears to be the dominant rock 
type in the Eiksunddal Complex with the game - 
tiferous peridotites restricted to distinct layers 
(typically from 0.1 -2 metres in width) in the 
more central parts of the complex, where they 
perhaps comprise about 10 % by volume. The 
narrower layer widths typically reflect small 
scale rhythmic interlayering of olivine free and 
olivine bearing rocks. Modal olivine contents 
vary widely (2 -60 vol. %) in different layers but 
in the most conspicuous garnet peridotites ave- 
rage about 20 vol. %. 
Electron microprobe analyses (Tables I -VI) 
indicate olivine compositions to be in the range 
Fo67 -78. Garnets (Pyr39- 53A1m35-47Grossl -lo) and 
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Locality Eíksunddal Raknes I Kolmann 
Tangen I skog 
Type Fe -Ti Type 
Sample No. E4 E4 E29 E29 E30 E31 Ell E32 U125 U125 H185 
Details Emp. Min. Emp. Emp. Emp. Emp. Emp. Emp. Emp. Emp. Emp. 
wt.% Aver. Sep. Cores Rims Aver. Cores Rims Aver . Cores Rims Aver. 
5102 39.9 39.9 39.4 39.9 39.9 39.1 39.7 38.8 40.5 40.5 40.8 
TiO2 0.04 0.05 - - 0.06 0.04 0.05 - 0.02 0.02 0.01 
A1203 22.0 21.7 21.9 22.7 21.8 21.6 21.8 21.6 22.0 22.0 22.6 
Cr203 - 0.03 - - - - - - 0.00 0.00 - 
Fe203 - 2.73 - - - - - - - - - 
FOOT 19.9 18.0 21.6 19.7 21.1 21.1 19.9 23.6 17.0 17.3 15.6 
Rn0 0.50 0.54 - - 0.66 0.65 0.65 - 0.72 0.78 0.90 
N10 - 0.00 - - - - - - 0.02 - - 
MOO 12.5 12.1 12.1 13.4 12.3 12.2 14.1 10.1 13.7 13.7 15.3 
Cao 4.77 4.61 4.25 4.17 4.22 4.53 4.10 5.05 4.92 5.12 4.94 
Total 99.6 99.6 99.2 99.8 100.0 99.2 100.3 99.2 99.6 99.4 100.2 
Structural Formulae Calculated on Basis of 12 Oxygens 
Si 2.985 2.994 2.977 2.967 2.994 2.956 2.941 2.973 3.011 3.013 2.983 
Ti 0.002 0.003 - - 0.003 0.002 0.003 - 0.001 0.001 0.001 
Al 1.942 1.923 1.952 1.990 1.924 1.928 1.904 1.953 1.938 1.932 1.951 
Cr - 0.002 - - - - - - 0.000 0.000 - 
Fe3' 0.070 0.154 0.093 0.076 0.082 0.156 0.208 0.102 0.037 0.039 0.082 
Fe2' 1.180 1.128 1.269 1.152 1.241 1.178 1.023 1.407 1.056 1.038 0.869 
Mn 0.032 0.034 - - 0.042 0.042 0.041 - 0.045 0.049 0.056 
Ni - 0.000 - - - - - - 0.001 - - 
Mg 1.397 1.355 1.364 1.482 1.373 1.373 1.554 1.152 1.518 1.518 1.672 
Ca 0.383 0.371 0.344 0.332 0.339 0.366 0.326 0.414 0.392 0.409 0.387 
e Pyr 46.7 46.9 45.8 50.0 45.8 46.5 52.8 38.8 51.3 51.4 56.0 
e Alm 39.5 39.1 42.6 38.8 41.5 39.7 34.8 47.3 34.0 33.1 29.1 
e Gross 9.5 4.7 6.9 7.4 7.4 4.3 0.5 8.8 11.4 11.8 8.8 
e Spass 1.1 1.2 - - 1.4 1.4 1.4 - 1.5 1.7 1.9 
e And 3.3 8.0 4.7 3.8 3.8 8.0 10.5 5.1 1.8 2.0 4.1 
e lvar - 0.1 - - - - - - - - - 
eFe34 Calculated by charge balance in structural formulae 
Locality Sandvik 
Type Mg -Cr Type 












Cores Cores Onx Spinel 
es Rims 
Prim. Sec. 
S102 41.9 41.9 40.7 40.8 41.8 42.2 42.4 42.4 
TiO2 0.03 0.03 0.09 0.02 0.17 0.15 0.22 0.02 
A1203 20.7 20.6 21.9 22.7 22.6 22.8 22.7 23.5 
Cr203 4.36 4.57 0.83 0.34 1.77 1.56 1.68 0.65 
Fe203 _ _ _ _ _ - _ 
FeOT 7.78 8.56 13.6 14.4 7.97 8.14 8.43 8.65 
Mn0 0.42 0.53 0.68 0.80 0.43 0.30 0.37 0.24 
N10 0.03 0.04 0.01 0.02 0.00 0.00 0.01 0.01 
ego 19.7 19.3 15.5 15.8 20.5 20.8 20.4 20.9 
Cal 5.36 5.08 6.01 4.48 4.16 4.10 4.22 4.02 
Total 100.2 100.5 99.3 99.4 99.5 100.0 100.4 100.1 
Structural Formulae Calculated on Basis of 12 Oxygens 
Si 2.999 3.002 2.995 2.998 2.987 2.996 3.003 2.982 
Ti 0.002 0.002 0.005 0.001 0.009 0.008 0.012 0.001 
Al 1.745 1.738 1.902 1.963 1.906 1.903 1.892 1.954 
Cr 0.247 0.259 0.048 0.020 0.100 0.087 0.094 0.036 
eFe3* 0.006 0.000 0.050 0.019 0.002 0.002 0.000 0.043 
pe2+ 0.460 0.513 0.783 0.867 0.474 0.480 0.499 0.468 
Mn 0.026 0.032 0.042 0.050 0.026 0.018 0.022 0.014 
Ni 0.002 0.002 0.001 0.001 0.000 0.000 0.001 0.001 
Mg 2.103 2.062 1.700 1.780 2.178 2.194 2.157 2.196 
Ca 0.411 0.390 0.474 0.352 0.318 0.312 0.320 0.304 
4 Pyr 70.2 68.9 56.7 57.7 72.9 73.4 72.4 73.6 
1 Alm 15.2 17.0 26.1 28.9 15.6 15.6 16.1 15.7 
4 Gross 1.1 0.1 10.9 9.8 5.5 5.9 6.0 6.2 
e Spess 0.9 1.1 1.4 1.7 0.9 0.6 0.7 0.5 
4 And 0.2 - 2.3 0.9 - 0.1 - 2.1 
Over 12.4 13.0 2.4 1.0 5.0 4.4 4.7 1.8 
eFeJA Calculated by charge balance in structural formulae 
FOOT Total Fe as Fe0 in Emp (Electron Microprobe) analyses 
TABLE I. - Garnet compositions in analysed garnet peridotite samples. 
Compositions des grenats des échantillons de péridotite à grenat analysés. 
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Wr.l icy F.ik.=.:,4i.i1 Sol Raknv:., lunns 
_ 
Fe--: Type 













Eno. Emp. Emp. 







5 i0. .4.1 54.0 54._ 54.7 54.1 54.4 54.4 54.8 51.9 55.1 54.8 55.. .: 
Tii - 0.05 0.01 - 0.01 - 0.01 0.02 0.57 0.24 0.25 C.:S O._Y 
A1... C.73 1.28 1.41 1.10 0.76 0.92 2.59 2.5h 4.51 3.66 3.55 3.20 1.13 
Cr203 - 0.01 - - 0.02 - 2.99 2.72 0.47 1.36 1.41 1.77 
Fe2O3 - 0.76 - - 
FeCT 4.40 4.01 5.7- 6.49 3.81 3.50 1.62 1.23 3.71 1.23 1.26 1.51 1.51 
Mr.0 - 0.07 0.02 - 0.09 0.2' 0.09 0.06 0.09 0.07 0.06 0.06 0.07 
Nt: - 2.0C - 
Mne 16.8 16.5 15.3 15.2 16.9 L7.0 16.3 15.2 15.7 16.1 15.3 15.3 16.1 
Ca0 22.2 22.3 22.0 21.9 23.6 23.7 19.4 20.3 21.9 20.2 20.9 20.2 20.0 
Na2C 0.49 0.44 1.60 1.47 0.21 0.27 1.91 2.21 0.84 2.03 2.08 2.43 2.17 
Tc_al 98.8 99.6 100.3 100.4 99.6 99.9 99.3 99.2 99.7 99.4 99.6 99.6 100.0 
Structural Formulae on Basis of 6 Oxygens 
Si 1.994 1.980 1.961 1.977 1.986 1.981 1.978 1.996 1.890 1.992 1.981 1.998 1.994 
Ti 0.001 0.000 - 0.001 - 0.001 0.001 0.016 0.006 0.007 0.008 0.007 
Al 0.032 0.055 0.060 0.047 0.033 0.040 0.111 0.110 0.194 0.130 0.151 0.136 0.134 
Cr - 0.000 - - 0.001 - 0.086 0.078 0.014 0.039 . 0.040 0.037 0.039 
.F03* 0.015 0.021 0.113 0.102 0.016 0.017 0.000 0.000 0.041 0.000 0.000 0.000 0.000 
Fe2` 0.121 0.123 0.062 0.095 0.101 0.090 0.049 0.038 0.072 0.037 0.038 0.046 0.047 
Mn - 0.002 0.001 - 0.003 0.007 0.003 0.002 0.003 0.002 0.002 0.002 0.002 
Ni - 0.000 - - 0.001 - 0.001 0.002 0.001 0.002 0.001 0.001 0.003 
Mg 0.925 0.904 0.827 0.822 0.924 0.922 0.882 0.827 0.853 0.865 0.823 0.821 0.862 
CeO 0.878 0.878 0.855 0.853 0.525 0.924 0.756 0.791 0.857 0.784 0.811 0.781 0.771 
Na 0.035 0.031 0.113 0.104 0.015 0.019 0.135 0.156 0.059 0.142 0.146 0.170 0.151 
Fe3+ Calculated by Charge Balance in Structural Formulae 
FeOT Total Fe as FeO in EMP (Electron Microprobe) Analyses 
TABLE II. - Clinopvroxene compositions in analysed garnet peridotite samples. 
Compositions des clinopvroxènes des échantillons de péridotite à grenat analysés. 
orthopyroxenes (En74_81) are usually the domi- 
nant mineral phases. Diopsidic clinopyroxene is 
absent in some garnet peridotites but increases 
up to about 20 vol.% in others. All garnet peri- 
dotite samples contain several percent of oxide 
phases. Granular intergrowths of magnetite 
(Magn93- 97U1vosp3_7) and ilmenite (I1m95_99 
Haem1_5) are particularly in evidence but there 
are often also some discrete grains of green 
pleonaste spinet (Sp92_97Magn3_8). In addition, 
these rocks variably contain olivines crowded 
with thin magnetite lamellae, coarse symplectite 
intergrowths of magnetite and bronzitic orthopy- 
roxene, and fine grained symplectite inter - 
growths of green pleonaste spinet and pyroxenes 
developed as coronas between adjacent garnets 
and olivines (Figure 2). Full discussion of the 
mineral reactions responsible for symplectite 
and corona development is deferred until later, 
but it is clear that the latter coronas reflect the 
breakdown of the earlier high pressure eclogite 
facies garnet + olivine assemblage in these 
rocks. Further retrogression is often witnessed 
by the growth of late interstitial hornblendic am- 
phibole as a replacement phase of the garnets 
and pyroxenes (including symplectitic varieties). 
We have observed occurrences of comparable 
Fe -Ti enriched garnet peridotites at two other 
localities further to the North, namely at 
Raknestangen on the northernmost coast of 
Otroy and at Kolmannskog approximately 
18 km North of the town of Molde. At Raknes- 
tangen garnet peridotites again occur interlayer- 
ed with orthopyroxene enriched garnet pyroxeni- 
tes and with eclogites in an elongate lens 
roughly 24 x 10 metres enclosed in quartzo- 
feldspathic gneisses. Petrographic features and 
mineral compositions are in large measure simi- 
lar to those of the Eiksunddal garnet peridotites. 
Olivine (Fo79_80) is subordinate to garnet (Pyr51 
Alm34Grossl,) and orthopyroxene (En82) whilst 
the clinopyroxene is again diopsidic and jadeite 
poor (Tables I -VI). Magnetite, ilmenite and 
green pleonaste spine) (Sp95Magn5) together 
again comprise several percent of the mode. An 
additional feature is the presence of some 2 -3 
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Locality Eiksunddal 








-Cr Type Type 
Sample No E4 E4 E29 E29 E30 E30 E31 E31 E32 U125 U125 N185 11185 E35 E35 E38 E38 E9: 











































5102 55.5 55.3 55.8 54.9 55.6 55.4 55.1 55.6 54.5 55.8 55.4 55.9 57.0 58.3 57.5 54.8 53.8 58.1 
TiO2 0.04 0.05 - - 0.01 0.03 0.00 0.03 - 0.02 0.02 0.05 0.02 0.72 0.01 0.10 0.10 0.06 
A1203 0.29 0.48 0.09 0.37 0.12 0.48 0.08 0.48 0.20 0.86 1.27 1.87 0.81 0.64 1.45 3.39 4.79 1.05 
Cr203 - 0.00 - - - - - - - 0.01 0.02 0.00 0.02 0.23 .0.24 0.19 0.24 0.09 
Fe203 - 1.46 _ - - - - - _ - _ _ _ _ _ _ _ 
FeOT 13.1 12.1 13.9 13.6 14.1 13.8 13.4 13.5 17.6 11.8 12.2 12.0 10.E 4.15 5.76 8.80 9.16 4.97 
MnO - 0.15 - - 0.18 0.20 0.10 0.08 - 0.21 0.24 - - 0.10 0.14 0.18 0.24 0.10 
Ni0 - 0.04 - - - - - - - - - - - O.21 0.05 0.10 0.09 0.09 
moo 3C.6 30.2 20.4 20.2 29.5 29.5 30.4 30.5 2 7 30.0 30.0 30.2 71.4 
'0.23 
- 34.8 31.8 7 
. 
0.I _ 
C80 0.23 0.24 0.18 0.18 0.17 0.18 0.16 0.22 0.22 0.25 0.27 0.26 0.20 0.14 0.35 0.77 0.17 
Na20 0.02 0.04 0.02 0.02 0.03 0.02 0.04 0.02 - - - 0.05 0.01 0.01 0.00 0.01 0.01 0.01 
Total 99.8 100.0 100.4 99.4 99.6 99.6 99.2 100.4 99.7 99.6 99.4 100.3 100.3 99.? 99.9 99.6 99.6 100.0 
%En 82 81 80 80 79 79 80 80 74 82 81 80 83 93 91 86 86 93 
' Structural Formulae on Basis of 6 Oxygens 
Si 1.976 1.967 1.981 1.971 1.992 1.982 1.978 1.974 1.978 1.981 1.974 1.966 1.993 1.995 1.978 1.922 1.892 1.98 
Ti 0.001 0.001 - - 0.000 0.001 0.000 0.001 - 0.001 0.001 0.001 0.001 0.001 0.000 0.003 0.003 0.00 
Al 0.012 0.020 0.004 0.015 0.005 0.020 0.003 0.020 0.009 0.036 0.053 0.07E 0.033 0.026 0.059 0.140 0.199 0.04 
Cr - 0.000 - - - - - - - 0.000 0.001 0.000 0.001 0.006 0.006 0.005 0.007 0.00 
Fe3 - 0.039 - _ - - - - - _ _ _ - - _ - - - 
Fe2' 0.390 0.360 0.413 0.409 0.421 0.414 0.404 0.401 0.532 0.351 0.362 0.353 0.316 0.139 0.166 0.258 0.270 0.14 
Mn - 0.004 - - 0.005 0.006 0.003 0.002 - 0.006 0.007 - - 0.003 0.004 0.005 0.003 0.00 
Ni - 0.001 - - - - - - - - - - - 0.001 0.001 0.003 0.002 0.00 
Mg 1.625 1.600 1.612 1.617 1.573 1.575 1.625 1.610 1.490 1.616 1.590 1.583 1.638 1.810 1.770 1.653 1.595 1.801 
Ca 0.009 0.009 0.007 0.007 0.006 0.007 0.006 0.008 0.009 0.010 0.010 0.010 0.009 0.007 0.005 0.013 0.029 0.006 
Na 0.001 0.003 0.001 0.001 0.002 0.001 0.003 0.001 - - - 0.003 0.001 0.001 0.000 0.001 0.001 0.001 
Total 4.013 4.004 4.018 4.020 4.006 4.008 4.022 4.017 4.018 4.001 3.998 3.995 3.990 3.989 3.990 4.003 4.004 3.989 
FeOT Total Fe as Feo in Emp (Electron Microprobe) Analyses 
TABLE III. - Orhhopyrorene compositions in analysed garnet peridotite samples. 
Compositions des orthopyrorènes des échantillons de péridotite à grenat analysés. 




TIT. Fe -Ti Type Mg-Cr 'yce 
Sample No. E4 E29 E30 E31 E32 U125 H185 E35 E38 E.9A E97 E97 
Details Emp. Emp. Emp. Emp. Emp. Emp. Emp. Emp. Emp. = Imp. Emp 
wt.% Aver. Aver. Aver. Aver. Aver. Aver. Aver. Aver. Aver. Aver. Clasts Neobl. 
5í02 38.4 37.4 37.7 37.6 36.1 39.1 39.7 41.3 40.1 41.- 41.4 42.5 
TiO2 0.01 - 0.02 0.01 - - 0.01 - - - - - 
A1203 0.01 0.01 0.00 0.01 0.02 - - - - - - - 
FeOT 20.7 22.7 23.1 22.5 29.4 19.2 17.4 7.40 13.2 6.15 7.49 7.26 
Mno - - 0.02 0.12 - 0.29 0.28 0.08 0.19 0.03 0.06 0.09 
N10 - - _ - - 0.17 - 0.41 0.37 0.41 0.41 0.41 
M90 41.1 39.1 38.2 39.0 33.7 41.6 42.8 50.5 45.6 51.5 50.8 49.9 
CaO 0.04 0.03 0.03 0.03 0.04 - - - - - - - 
Total 100.3 99.2 99.2 99.1 99.2 100.4 100.2 99.6 99.5 100.1 100.2 100.1 
Sto 78 75 75 76 67 79 81 92 86 93 92 92 
TABLE IV. - Olivine compositions in analysed garnet peridotite samples. 
Compositions des olivines des échantillons de péridotite it grenat analysés. 
vol.% of phlogopitic mica occurring as discrete 
plates in apparent textural equilibrium with the 
garnet lherzolite assemblage. Similar symplec- 
tite intergrowths and secondary reaction coronas 
occur as in the Eiksunddal garnet peridotites. 
The analysed garnet peridotite sample from 
Kolmannskog (Tables I -VI) is almost identical 
to that from Raknestangen with predominant oli- 
vine (Fo81), orthopyroxene (En85) and garnet 
(Pyr56A1m29Gross9) and minor diopsidic clino- 
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Locality Eiksunddal Tangen I Manns, 
Sandvik 
Type Fe -Ti Type Mg -Cr Type 
Sample No. E4 E4 E29 E29 E29 E30 E30 E30 Ell Ell U125 0125 8185 E35 E3B 





Ó 4 3 4 3 4 4 3 4 4 4 4 4 4 4 4 
e Magn. 93 - 97 - - 95 - - 95 - 91.6 - - - - 
1 Ulvo- 7 _ 3 _ _ 5 - _ 5 - B.4 - - - - 
Spinel 
s Ilm. - 95 - 99 - - 99 - - - - - - - - 
% eaen. - 5 - 1 - _ i - - _ _ - - _ - 
e Spinel - - - - 96 - - 92 - 97 - 95.1 95.4 76.5 87.2 
Magn. - - - - 4 - - 8 - 3 - 4.7 4.5 0.0 4.8 
e Chrom. - - - - - - - - - - - 0.7 0.1 23.5 R.0 
End member values above are based on microprobe analyses with stoichiometrically 
calculated Fe203 contents. 
Magn. = magnetite; Ilm. = ilmenite; 8aem. = haematite; Chrom chromite 
TABLE V. - Oxide compositions in analysed garnet peridotite samples. 
Compositions des ar des des échantillons de péridotite à grenat analysés. 
Location Eiksunddal I Raknes. Kolmannskog Sandvik 
Type Fe-Ti Type Mg -Cr Type 
Sample No. E4 E30 E31 E31 0125 8185 8185 E35 E38 E39A 
Details Sec. Sec. Sec. Sec. Sec. Sec. Prim Sec. 




Amph. Amph. Amph. Amph. 
Si02 45.1 47.0 46.1 40.5 44.3 38.2 43.8 39.4 42.0 41.4 
TiO2 - 0.27 - 0.48 0.46 0.83 0.43 0.11 1.81 0.57 
A1203 12.6 10.8 9.60 14.3 12.9 16.7 14.7 21.0 13.0 17.6 
Cr203 - - - - 0.02 - - 3.78 0.57 1.78 
r50T 7.69 8.49 8.75 5.44 7.60 6.17 7.80 3.28 6.15 2.59 
MnO 0.41 0.11 - 0.00 0.11 0.03 - 0.10 0.06 0.06 
Ni0 - - - - 0.05 - - 0.08 0.11 0.06 
Mg0 17.0 18.8 18.5 23.7 15.9 21.6 15.4 17.21 17.2 17.8 
CaO 11.6 10.3 10.8 0.02 12.2 - 12.7 10.38 11.4 11.2 
Na20 2.02 2.85 2.53 0.63 1.05 0.18 0.93 - 2.39 - 
K20 - - - 8.41 1.40 9.78 1.54 - 1.13 - 
Total 96.4 98.5 96.3 93.5 95.9 93.4 97.3 95.3 95.8 93.2 
TABLE VI. - Partial analyses of amphiboles and micas. 
Analyses partielles des amphiboles et des micas. 
pyroxene, magnetite, ilmenite, pleonaste spine! 
(Sp95Magn5) and phlogopitic mica. This litho - 
logy is associated with a clinopyroxene rich gar- 
net pyroxenite, a partial analysis for which is 
thought to be that given in Matsui et al. (1966), 
and rather retrograded bimineralic eclogite. 
However, exposures of this garnet peridotite 
bearing body are limited to a small, rather 
weathered, roadside outcrop roughly 6 metres 
high and 15 metres long. Much of the western 
end of the outcrop comprises a tremolitic amphi- 
bole rich zone which probably represents a reac- 
tion selvage developed between the ultramafic 
body and the surrounding migmatitic semi - 
pelitic gneisses. On the other hand, the eastern 
contact of the body is tectonic and occupied by a 
late quartz vein. 
A further Fe -Ti garnet peridotite sample, 
comparable to those described above but not re- 
ferred to as such, is that previously recorded and 
analysed by Eskola (1921) and Lappin and 
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Smith (1978). This analysed sample, labelled Le 
by the latter authors, was from the collection at 
the Mineralogisk -Geologisk Museum in Oslo, 
where it is recorded to have been collected by 
H. Reusch in 1886 from Lyngenes, Sol-pollen 
near Selje on Stadlandet (See figure 1). Lappin 
and Smith (1978) reported that they were unable 
to locate the field occurrence of this rock, so 
nothing is known about its field relations. 
Eskola (1921) recorded this rock as an olivine 
bearing, orthopyroxene free. eclogite and ob- 
tained the whole rock analysis reproduced in ta- 
ble X. However, the more detailed mineralogi- 
cal study of Lappin and Smith (1978) has shown 
it to contain the assemblage garnet (Pyr51Alm37 
Grosse,), diopsidic clinopyroxene, orthopyro- 
xene (Eng.t), olivine (Fog,), spinet and opaque 
oxides. This sample therefore has a chemical 
and mineralogical similarity to the other Fe -Ti 
garnet peridotites reported in this paper. 
The mineral compositions listed in tables I -VI 
were mainly obtained by electron microprobe 
analysis ; those for Eiksunddal samples on the 
ARL -EMX microprobe at the Central Institute 
for Industrial Research (Oslo) all others on the 
Cambridge Microscan IX instrument in the De- 
partment of Geology, University of Sheffield. 
Observed variations in chemical composition 
both within and between the individual grains of 
particular mineral phases were small in most 
samples. Hence reported mineral analyses in 
most cases represent the average value obtained 
for several point analyses. Slight chemical 
zoning was observed in garnets from certain 
Eiksunddal samples, with a slight decrease in 
Fe /Mg ratio in rims compared to cores, sugges- 
tive of garnet growth along a prograde metamor- 
phic path (cf. Bryhni and Griffin, 1971 ; Rá- 
heim, 1975). The `wet' chemical analyses of 
mineral separates from the Eiksunddal garnet 
peridotite sample, E4, are probably only of va- 
lue to the extent that they indicate the 
Fe3 + /(Fe2+ + Fe3 +) ratios and contents of cer- 
tain minor elements in these minerals. Oxide 
analyses 
in the Eiksunddal samples obtained by 
the ARL -EMX microprobe and related data re- 
duction procedure have rather poor analytical to- 
tals and only provide a generalised indication of 
the compositions of the various oxide types. On 
the other hand, the oxide analyses in the other 
samples, obtained on the Microscan IX, give a 
more precise indication of mineral composi- 
tions. 
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FIG. 2. - Photomicrograph of Eiksunddal garnet 
lherzolite showing : (a) the development of fine 
grained coronas of secondary pleonaste spinel and 
pyroxenes between garnet (left) and olivines (bot- 
tom right) ; (b) adjacent coarser symplectite inter - 
growths of orthopyroxene and magnetite ; (c) the 
abundance of fine grained magnetite lamellae in the 
nearby olivines. Photograph width approx. 2 mm. 
Photomicrographie de la lherzolite à grenat de 
Eiksunddal montrant : a) le développement de cou- 
ronnes à grain fin de pléonaste secondaire et de 
pyroxènes entre grenat (à gauche) et olivines (en 
bas à droite) ; b) l'intercroissance symplectitique 
grossière voisine formée d'orthopyroxène et magné- 
tite ; c) l'abondance de fines lamelles de magnétite 
dans les olivines voisines. Dimension approx. de la 
photographie : 2 mm. 
As previously noted oxide -pyroxene symplec- 
tite intergrowths sometimes in obvious coronitic 
disposition, are a characteristic petrographic fea- 
ture of the Fe -Ti garnet peridotites. Two princi- 
pal types of such symplectite intergrowths have 
been observed (See figure 2). The first type 
comprises extremely fine grained intergrowths 
of green pleonaste spinel and pyroxenes (mostly 
orthopyroxene but also minor clinopyroxene). 
Occasionally, fine grained magnetite occurs 
with, although generally subordinate to, the 
green spinel. Such symplectite intergrowths oc- 
cur for the most part as irregularly developed 
reaction coronas at the contacts between garnet 
and olivine grains. Garnet grain margins are of- 
ten highly irregular with embayments of such 
replacement symplectite. Further from garnet 
grain margins, these fine grained spinel - 
pyroxene symplectites characteristically pass 
into the second type of symplectite. These com- 
prise much coarser grained orthopyroxene- 
magnetite symplectites within which the distri- 
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bution of magnetite is highly variable and both 
the orthopyroxene and the magnetite appear to 
have primarily nucleated on (hence are in optical 
continuity with) pre- existing orthopyroxene and 
magnetite grains. Outside of an irregularly deve- 
loped zone of such coarse orthopyroxene - 
magnetite symplectite, pale coloured amphibole 
is often developed as a late replacement phase in 
the most hydrated rocks. Adjacent olivine grains 
typically have 'fronts' of fine grained magnetite 
inclusions extending in from their margins. 
We consider that the various symplectite in- 
tergrowth textures reflect the fact that the retro- 
grade (decompression) replacement reaction of 
the eclogite facies garnet peridotite assemblage 
to a granulite facies pyroxenes + spinel perido- 
tite assemblage has occurred concommitantly 
with oxidation reactions buffered by the high 
content of 'initial'* oxide phases. Excluding the 
grossular content of the garnet and the resultant 
secondary clinopyroxene, the integrated reac- 
tions may be represented by the following sim- 
plified reaction equation : 
Mg! 5Fe1 5A1,Si301, + 7Mg1Fe1SiO4 + 0, 
T [1] 
Mg3.5Fe0.5A1,04 + 5Mg1.6Fe0.4Si,06 + 2Fe3O4 
However, in some samples oxidation of olivine, 
leading to the development of associated 
orthopyroxene- magnetite symplectite and olivine 
with enclosed abundant fine grained magnetite, 
may have occurred independently of garnet 
breakdown according to the reaction equation : 
12Mg1 5Fe05SiO4 + 0, 
T [2] 
6Mg,SiO4 + 6MgSiO3 + 2Fe304 
It is significant that orthopyroxenes occurring 
in coarse symplectite intergrowths with magne- 
tite have somewhat higher A1,03 contents than 
the 'initial' orthopyroxene grains (Table III) as 
might be expected from reaction [1]. Unfortuna- 
tely it was not found to be possible to analyse 
the fine grained secondary orthopyroxene inter - 
grown with green spinel immediately adjacent to 
* 'Initial' is used here and elsewhere in this paper to 
denote an early metamorphic phase formed at or close 
to the metamorphic maximum. 'Primary', by 
contrast, is used to describe deduced earlier high tem- 
perature igneous ? phases. 
garnet grain margins but it is reasonable to 
expect it to be even more aluminous. 
It is also noteworthy that in these Fe -Ti garnet 
peridotites the 100 Mg2+ /(Mg2+ + Fe") ratios 
in the olivines and orthopyroxenes tend to he 
negatively correlated with the 100 Fe2+ /(Fe2+ + 
Fe +) value in the rock (compare tables III, IV, 
VII and X, cols. B-D). whereas there is no cor- 
relation whatsoever with the overall 100 
Mg /(Mg + Fe) value in the rock. which in fact 
varies little in the various rock samples. In other 
words, the more highly oxidised the rock the 
more magnetite has formed and consequently 
the higher the 100 Mg2+ /(Mg2+ + Fe2 +) ratios 
in the silicate minerals. Consequently, of the 
Eiksunddal samples, the least oxidised rock. 
E32, contains the most ferriferous silicate mine- 
rals. As this relationship holds for the garnets 
and clinopyroxenes, as well as the olivines and 
orthopyroxenes, it is apparent that the oxygen 
fugacity has controlled the 100 Mg2+ /(Mg2+ + 
Fe +) contents of the 'initial' eclogite facies as- 
semblages as well as in the secondary replace- 
ment assemblages. 'Initial' magnetite, ilmenite 
and spinel all form some discrete grains inde- 
pendent of secondary symplectites and coronas, 
and also occur as inclusions in the garnets. The 
compositions of the coexisting 'initial' magneti- 
tes and ilmenites are somewhat variable (Table 
V) but indicate that during the formation of the 
Fe -Ti garnet peridotite assemblages the oxygen 
fugacity was almost certainly buffered to values 
in excess of the fayalite- magnetite -quartz buffer 
(Buddington and Lindsley, 1964). 
Type Two : Mg -Cr garnet peridotites 
This second group of garnetiferous peridotites 
is exemplified by the well documented rocks at 
the Kalskaret (near Tafjord), Ugelvik (Otray) 
and various Almklovdalen (near Aheim) locali- 
ties (Eskola, 1921 ; O'Hara and Mercy, 1963 ; 
Lappin, 1966, 1974 ; Bryhni, 1966 ; Carswell, 
1968a and b, 1973, 1981 ; Medaris, 1980, 
1982). Such rocks and associated olivine free 
garnet pyroxenites are sporadically preserved as 
layers or tectonically bounded lenses within 
large forsteritic olivine (Fo93 -95) dominated 
'alpine- type' peridotite bodies. The gradational 
character of undeformed contacts and the consi- 
derable overall variability in modal mineral 
contents emphasise that these garnet peridotites 
Fe -Ti AND Mg -Cr GARNET PERIDOTITES IN WEST NORWAY 
.4mpl, NO. E4 E29 E31- £32 E47 £49 E51 £52 E10 F..48 
Rock Tnlo Garnet Garnet Garnet Carnet Garnet Garnet Garnet Carnet Garnet Garnet 
(wt.%) Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Harz. Harz. W.... 
5102 42.51 38.42 37.54 39.36 42.45 39.50 39.87 45.50 37.40 41.07 
T102 0.98 0.65 0.87 0.81 0.77 0.80 0.80 0.76 1.05 0.96 






















Fro 13.19 14.09 18.30 19.84 16.46 19.47 14.80 16.49 18.61 I''.., 
Mn0 0.21 0.43 0.39 0.44 0.27 0.14 0.21 0.22 0.53 0.5_ 
NiO 0.07 0.09 0.08 0.09 0.09 0.09 0.07 0.08 0.08 0.0 t 
Mg0 20.57 22.04 22.13 23.99 23.17 25.52 20.20 23.74 21.84 12.eí 
Cn0 6.58 4.10 2.59 3.34 3.46 2.26 6.06 1.08 2.41 10.72 
Na20 0.18 0.18 0.05 0.14 0.09 0.05 0.33 0.01 0.02 0.63 
1620 0.03 0.004 0.02 0.00 0.002 0.00 0.03 0.01 0.01 0.01 
0205 0.12 0.02 0.14 0.15 0.16 - 0.18 0.11 0.01 0.12 0.52 
5 0.02 0.02 0.01 0.06 0.01 0.00 0.00 0.03 0.01 0.00 
H2O' 0.44 4.11 1.12 1.15 0.70 1.29 1.36 0.54 1.09 0.24 
Total 99.85 100.29 94.98 99.89 :00.46 100.cí :OC.:, 100.: :Oc... IF1.11 
loo Mg /(Mg+FeT) 65.4 65.4 62.8 63.3 64.5 64.0 63.6 65.2 62.1 56.0 
100 Cr /(Cr.A11 0.3 0.2 0.1 0.4 0.4 0.4 0.1 0.4 0.1 0.1 
100 Fe2. /(Fe26.Fe3'1 68.2 67.9 78.5 80.0 73.0 76.0 71.8 73.1 78.5 69.7 
ppm: V 84 38 31 B4 86 67 68 82 41 88 
Sr 139 108 69 81 144 59 210 - 36 308 
Rb 1 0 2 8 0 2 1 3 0 0 
CIPH Normative Mineralogy 
Or 0.18 - 0.12 - - - 0.18 0.06 0.06 0.06 
Ab 1.52 1.52 0.42 1.18 0.76 0.42 2.79 0.06 0.17 5.33 
An 21.12 20.21 11.94 12.99 16.02 10.04 25.42 5.29 11.17 37.42 
Cor - 1.01 6.58 - - 0.51 - 2.94 7.97 - 
Di 8.60 - - 2.11 0.08 - 3.16 - - 10.02 
Hy 33.99 28.37 33.60 26.48 44.47 33.60 21.04 
01 21.58 32.47 35.55 45.42 26.36 42.47 34.82 7.55 33.72 21.82 
Mt 9.92 10.73 8.08 7.97 9.80 9.92 9.37 9.76 8.22 8.83 
11 1.86 1.24 1.65 1.54 1.46 1.52 1.52 1.44 1.99 1.82 
Ap 0.28 0.05 0.32 0.35 0.37 0.42 0.26 0.02 0.28 1.21 
Oliv.%FO 73 73 64 64 69 67 69 70 64 64 
6199.59e 93 93 97 92 95 92 90 98 99 88 
E48 contains only minor olivine invariably in reaction relationship 
with garnet 
TABLE VII. - Analyses of Fe -Ti garnet peridotite samples from the Eiksunddal Complex. 
Analyses des échantillons de péridotite à grenat riche en Fe -Ti du Complexe de Eiksunddal. 
and garnet pyroxenites comprise. an integral part 
of these peridotite bodies, they are not `foreign' 
tectonic inclusions. Hence any origin and 
tectono- metamorphic evolutionary history pro- 
posed for these garnetiferous rocks must also 
pertain to the enclosing dominant garnet free pe- 
ridotites (Moore and Qvale, 1977). 
There is good petrographic evidence (e.g. 
Medaris, 1980) that these garnet peridotites 
were originally much more widely developed in 
these peridotite bodies than is currently apparent 
at all localities other than Ugelvik (Carswell, 
1968b), but have been extensively retrograded 
to foliated chlorite and tremolite bearing assem- 
blages. This strongly suggests that all the ma- 
gnesian peridotite bodies in this part of western 
Norway witnessed an early eclogite facies meta- 
morphism before the extensive recrystallisati3n 
to amphibolite facies assemblages (Medaris, 
1982). 
Mineral compositions in these Mg -Cr garnet 
peridotites (O'Hara and Mercy, 1963 ; Mercy 
735 
and O'Hara, 1965 ; Medaris, 1980 ; Carswell, 
1968a and b. 1981, and unpublished data) are 
more magnesian and chromiferous than those in 
the Fe -Ti garnet peridotites. Reported olivine 
compositions are in the range Fo82 9, and ortho- 
pyroxenes En84_93. The majority of analysed 
samples have mineral compositions towards the 
magnesian end of these ranges but the more fer- 
riferous compositions reported in certain Kalska- 
ret garnet peridotites (O'Hara and Mercy, 1963 ; 
Carswell, 1968a) do just overlap with those re- 
ported in certain of the Fe -Ti garnet peridotite 
samples, specifically with those from Kol- 
mannskog and Lyngenes. However, in common 
with the other Mg -Cr garnet peridotites, these 
Kalskaret samples contain significantly more 
chromiferous garnets and clinopyroxenes than in 
all of the analysed Fe -Ti garnet peridotite sam- 
ples. Overall the Cr,O3 contents recorded in the 
pyropic garnets (approx. 60 -75 % pyrope) of the 
Mg -Cr garnet peridotites range from 0.60- 
4.35 wt.% and in the diopsidic clinopyroxenes 
from 0.47 -2.60 wt. %. By contrast Cr2O3 
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Si02 45.51 45.39 45.71 45.00 43.55 45.98 43.64 55.53 47.39 38.57 
TiO2 1.07 1.00 1.14 0.96 1.04 1.11 1.20 0.13 0.86 1.18 
A1203 15.24 15.21 15.35 1.5.50 14.90 16.52 14.84 10.49 7.09 17.80 
Cr203 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.005 0.04 0.03 
Fe203 2.74 3.18 2.57 0.92 2.45 2.81 2.93 2.67 3.66 5.25 
Feo 12.06 11.67 12.11 13.29 13.91 11.96 13.12 3.55 8.38 16.15 
Mn0 0.30 0.19 0.19 0.32 0.22 0.17 0.20 0.08 0.14 0.30 
Ni0 0.05 0.04 0.04 0.02 0.04 0.05 0.04 0.02 0.06 0.05 
Mg0 13.36 13.05 10.82 11.68 12.85 10.51 12.04 8.90 15.82 13.95 
Ca0 6.94 7.38 8.17 8.11 6.89 7.81 6.71 12.19 15.84 6.84 
Na20 2.20 237 2.85 2.88 2.16 3.17 2.25 5.25 0.67 0.04 
K20 0.35 0.70 0.003 0.01 0.27 0.02 1.40 0.02 0.01 0.01 
P205 0.05 0.16 0.30 0.09 0.30 0.18 0.27 0.21 0.09 0.24 
5 0.02 0.01 0.03 0.85 0.13 0.02 0.05 0.03 0.00 0.00 
X20+ 0.23 0.33 0.24 0.16 0.35 0.26 0.50 0.50 0.33 0.34 
Total 100.14 100.52 99.52 99.80 99.09 100.56 99.19 99.55 100.37 100.75 
100 Mg /(Mg +FeT) 62.1 61.5 57.2 59.6 58.7 56.4 57.7 78.5 70.7 54.4 
ppm: V 87 83 120 76 78 97 105 132 113 74 
Sr 187 249 377 230 341 258 321 301 478 98 
Rb 22 33 - 5 2 1 22 1 1 2 
CIPW Normative Mineralogy 
0r 2.07 4.14 - 0.06 1.60 0.12 8.27 0.12 0.06 0.06 
Ab 18.61 18.36 24.11 21.90 18.27 26.82 16.22 39.34 5.67 0.34 
An 30.68 29.70 29.09 29.34 30.16 30.79 26.26 5.00 16.31 32.37 
No - - - 1.34 - - 1.52 2.75 - - 
Cor - - - - - - - - - 5.8E 
Di 2.78 4.76 7.74 8.43 1.68 5.54 4.30 42.9 49.2 - 
Hy 10.73 6.31 4.78 - 6.57 0.33 - - 7.59 31.80 
01 28.50 29.75 27.66 33.06 33.66 30.84 35.61 4.22 1.63 19.20 
Nt 3.97 4.61 3.73 1.33 3.55 4.07 4.25 3.87 5.31 7.61 
I1 2.03 1.90 2.16 1.82 1.98 2.11 2.28 0.25 1.63 2.24 
Ap 0.12 0.37 0.70 0.21 0.70 0.42 0.63 0.49 0.21 0.56 
011v. %Fo 63 63 55 57 57 55 57 83 77 57 
Plag. %An 62 62 55 57 62 53 62 11 74 99 
+Contains traces of olivine 
TABLE VIII. - Analyses of garnet pyroxenites, eclogites, etc., from the Eiksunddal Complex. 
Analyses des pyroxénites à grenat, éclogites, etc., du Complexe de Eiksunddal. 
contents in both garnets and clinopyroxenes in 
the Fe -Ti garnet peridotites are consistently < 
0.05 wt. %. 
Electron microprobe mineral analyses are pre- 
sented in tables I -VI for Mg -Cr garnet peridoti- 
tes from a locality at Sandvik on the south -west 
part of Gurskey (Figure 1). The small outcrop of 
these rocks at this locality has previously been 
mentioned by Green and Mysen (1972) and by 
Griffin and Merk (1981), but no analyses were 
given. Garnet peridotites with up to about 
20 vol.% garnet and 10 vol.% clinopyroxene 
(samples E35, E36, E39A and E97) occur inti- 
mately interlayered with, and gradational into, 
garnet free Cr spinel dunites (sample E37) and 
olivine free orthopyroxene poor garnet pyroxeni- 
tes (samples E39B and E99). Olivines, where 
present, are Fo92_93 and the orthopyroxenes 
En92 -95 The large chrome rich gamets (1.56- 
4.75 wt.% Cr2O3) in the peridotites invariably 
have conspicuous orange -brown kelyphite reac- 
tion coronas ; in a few cases the gamets have 
been completely replaced. These fine grained 
kelyphites consist largely of an intimate inter - 
growth of secondary Cr spinel and pyroxenes 
(and /or amphibole). Sometimes there is a coar- 
ser grained outer corona of pale green secondary 
amphibole and orange Cr spinel developed. 
A notable feature is the occurrence in the ou- 
termost parts of some of the kelyphites of rag- 
ged grains of a secondary less chromiferous gar- 
net alongside the Cr spinel (Figure 3). This fea- 
ture appears to be similar to that previously 
mentioned by Griffin and Heier (1973) and by 
O'Hara (1975) to occur in certain garnet perido- 
tite samples at Lien, Almklovdalen. Griffin and 
Heier (1973) interpreted this feature to indicate a 
reversal of the kelyphite forming reaction garnet 
+ olivine -- orthopyroxene + clinopyroxene + 
spinel, due to the effects of cooling subsequent 
to initial rapid decompression on the retrograde 
P -T path followed by these rocks during their 
exhumation. However, the less chromiferous 
character of the secondary garnet and its close 
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Si02 41.67 44.06 41.75 39.44 46.76 46.78 
T102 0.01 0.13 0.02 0.48 0.23 0.25 
81203 1.08 4.34 0.48 6.45 14.98 16.53 
Cr203 0.29 0.48 0.18 0.53 0.67 0.79 
Fe203 1.50 0.89 0.82 4:39 0.94 0.27 
Fe0 6.23 5.73 6.26 6.53 4.35 4.68 
MOO 0.10 0.11 0.10 0.16 0.16 0.16 
810 0.33 0.27 0.33 0.20 0.09 0.06 
Mg0 46.82 40.41 49.51 31.32 23.92 21.99 
CaO 0.53 3.35 0.25 2.66 7.39 7.74 
Nap 0.12 0.34 0.10 0.30 0.52 0.53 
820 0.02 0.01 0.00 0.11 0.02 0.01 
P205 0.05 0.04 0.07 0.31 0.05 0.05 
S 0.02 0.03 0.00 0.07 0.05 0.04 
820+ 0.42 0.33 0.61 7.08 0.05 0.24 
Total 99.19 100.52 100.48 100.03 100.18 100.12 
100 Mg /(Mg +FeT) 91.7 91.7 92.7 84.2 89.1 89.3 
100 Cr /(Cr+A1) 15.3 6.9 20.1 5.2 2.9 3.1 
CIPN Normative Mineralogy 
Or 0.12 0.06 - 0.65 0.12 0.06 
Ab 1.02 2.88 0.85 2.54 4.40 4.49 
An 2.30 10.29 0.78 11.17 36.34 38.07 
Cor 0.02 - 0.03 1.74 0.79 1.70 
Di - 4.76 - - - - 
Hy 9.18 11.42 5.02 25.30 29.76 31.11 
O1 83.07 68.22 91.20 42.52 26.09 22.38 
Mt 2.18 1.29 1.19 6.37 1.36 0.39 
Il 0.02 0.25 0.04 0.91 0.44 0.48 
Ap 0.12 0.09 0.16 0.72 0.12 0.12 
Oliv.%FO 91 91 91 91 89 86 
Plag. %An 69 78 48 81 89 89 
TABLE IX. - Analyses of Mg -Cr garnet peridotites 
and associated rocks from Sandvik, Gurskoy. 
Analyses des péridotites à grenat riches en Mg -Cr 
et des roches associées de Sandvik, Gurskoy. 
association with Cr spinel would appear to sup- 
port O'Hara's (1975) contention that the secon- 
dary garnet may simply have developed during 
the down pressure multivariant reaction Cr rich 
garnet + olivine -3 Cr poor garnet + Cr spinet 
+ orthopyroxene + clinopyroxene. Certainly 
the experimental data of MacGregor (1970) and 
O'Neill (1981) indicate that for natural Mg -Cr 
garnet peridotite rock compositions the garnet 
lherzolite ± spinel lherzolite reaction will 
constitute a multivariant sliding equilibrium with 
an intermediate 5 -phase garnet spinel lherzolite 
assemblage stable over an increasingly wide 
pressure interval in rocks with increased Cr /(Cr 
+ Al) ratios. 
Sample E39 shows a characteristically rather 
poorly defined and somewhat gradational 
contact between typical Mg -Cr garnet peridotite 
(sub -sample E39A) and a 4 cm wide layer of 
737 
garnet pyroxenite (sub- sample E39B). Overall 
the mineral assemblage in the garnet pyroxenite 
is slightly less ferriferous than that observed in 
the associated garnet peridotite, the garnet being 
Pyr78Almi iGross8 and the minor orthopyroxene 
En95. This relationship is the reverse of that pre- 
viously observed (O'Hara and Mercy, 1963 ; 
Carswell, 1968a, 1981 ; Medaris, 1980) at the 
Kalskaret (Tafjord) and various Almklovdalen 
localities. However, as at these other localities, 
the mineral phases in the garnet pyroxenite layer 
are less chromiferous than in the associated gar- 
net peridotites - the average Cr2O3 contents 
being : garnet (0.90 wt. %), clinopyroxene 
(0.78 wt. %) and orthopyroxene (0.12 wt. %). 
A further analysed sample, E38, from the 
Sandvik garnet peridotite locality is petrographi- 
cally unusual but particularly important from a 
petrogenetic viewpoint. In hand specimen,it is a 
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A B C D E F G H 1 J 
.1.% n 9 l 1 16 1b 7 I 10 
6i0, 40.28 40.12 45.33 44.22 42.86 44.94 42.1n 44.97 48.24 47.62 
TiO2 0.83 0.71 1.35 0.42 0.07 0.36 0.11 1.07 0.90 0.16 
A1201 7.78 7.41 13.06 6.50 2.71 6.76 4.84 15.37 8.99 12.26 
Cr201 0.03 0.03 tr. 0.03 0.39 0.29 0.53 0.01 0.11 0.21 
Fe201 6.42 10.74 1.58 6.17 1.20 2.61 2.B2 1.51 :.95 1.16 
Feo 16.81 13.61 12.73 10.77 5.98 8.64 4.09 12.59 5.10 6.21 
Ií10 0.34 0.28 0.22 0.29 0.10 0.16 0.14 0.23 0.23 .1.20 
NIO 0.08 0.06 n.d. 0.06 0.30 u.17 0.21 0.04 0.0: 0.06. 
Mg0 22.58 21.20 17.28 26.79 43.02 27.04 33.51 12.04 11.92 i'.8,1 
CAO 3.54 4.19 7.57 i.59 1.94 6.52 4.27 7.43 14.73 1_.,5 
Na20 0.12 0.09 0.79 0.07 0.23 0.70 0.28 2.53 1.04 0.10 
K2O 0.01 0.26 0.16 0.79 0.02 0.04 0.02 0.39 0.09 0.01 
P2O5 0.11 0.22 0.19 0.03 0,04 0.02 0.07 0.19 0.03 0.03 
5 0.02 0.01 n.d. 0.01 0.02 0.06 0.05 0.16 0.00 0.04 
H10' 1.31 0.52 0.22 0.75 0.38 1.12 6.34 0.30 0.19 0.112 
Total 100.26 99.45 100.48 100.40 99.86 39.63 100.0' 99.83 93.4: 10,.i: 
100 Mg,MO.FeTl 64.0 61.9 69.5 74.5 91.7 81.2 90.0 59.1 70.0 61.1 
100 Cr /(Cr-Ail 0.3 0.3 - 0.3 8.8 2.8 6.8 <0.1 0.6 1.1 
100 Fe2* /(Fe2*.Fe3 *1 74.4 58.5 90.0 66.0 84.7 79.0 61.7 84.8 49.7 33.5 
A Fe -Ti garnet peridotites from Eiksunddal Complex. 
B Fe-Ti garnet peridotites from Raknestangen, 0trdy. 
C Fe -Ti garnet peridotite from Lyngenes, Sdrpollen - Analyses from Eskola (19211. 
D Fe -Ti garnet peridotite from Kolmannskog, Molde Area. 
E Mg -Cr garnet peridotites from Sandvik, Gurskdy. 
F Mg -Cr garnet peridotites from Kaskaret, Tafjord - Analyses from Merry a O'Hara (19651, 
Carswell (1968e), and Al- Samman, unpublished. 
G Mg -Cr garnet peridotites from Ugelvik, Otrdy - Analyses from Carswell (1966L1and unpublished eat,. 
K Associated eclogites and garnet pyroxenites from Eiksunddal Complex. 
I Associated eclogite from Kolmannskog, Molde Area. 
J Associated eclogltes and garnet pyroxenites from Ugelvik, Otsdy. 
TABLE X. - Comparison of averaged whole rock analyses. 
Comparaison des analyses moyennes de roches totales. 
FIG. 3. - Photomicrograph (crossed polars) of Sand- 
vik garnet peridotite showing the development of 
secondary less chromiferous garnet towards the 
outside of the broad kelyphite reaction rim on the 
more chronuferous 'initial' garnet (bottom right). 
Photograph width approx. 1 mm. 
Photomicrographie (polariseurs croisés) de la péri - 
dotite à grenat de Sandvik montrant le développe- 
ment d'un grenat secondaire moins chromifère vers 
l'extérieur de l'auréole réactionnelle kélyphitique 
autour du grenat "initial" le plus chromifère (en 
bas à droite). Dimension approximative de la photo- 
graphie I mm. 
dark coloured rather heavily serpentinised peri- 
dotite lacking any obvious garnet, but contain- 
ing somewhat strained and disrupted large ortho- 
pyroxene porphyroclasts up to about 2.5 cm 
across. Careful thin section examination, how- 
ever, shows that garnet is indeed present - the 
mode (vol. %) of this rock being 48 % olivine 
(Fo86), 25 % orthopyroxene, 13 % amphibole, 
6 % clinopyroxene, 6 % spinet and only 2 % 
garnet. Ragged shaped grains of dark green 
pleonaste spinel (Sp87Magn5Chrom8), typically 
0.1 -0.4 mm across, are conspicuous throughout 
this rock and are frequently fringed (Figure 4) 
by coronas of garnet only a few microns wide or 
by necklaces of similarly minute garnet grains. 
More obvious garnets of somewhat larger size 
(0.05 -0.2 mm) occur as crudely orientated clus- 
ters (Figure 5) within the large orthopyroxene 
grains (En86), suggestive of an exsolution origin. 
It is noteworthy that the garnets forming coronas 
on the spinels have significantly lower Cr203 
contents (average 0.34 wt.% as against 
0.83 wt. %) and CaO contents (average 
4.48 wt.% as against 6.01 wt. %) compared to 
the garnets considered to have been exsolved 
from the orthopyroxenes. Local environmental 
control on the garnet grain compositions thus 
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FIG. 4. - Photomicrograph showing the growth of 
garnet as coronas on primary green pleonaste spi- 
nets in the Sandvik peridotite sample E38. Also 
note the adjacent large primary amphibole grain 
(top left) with abundant rutile inclusions. Photo- 
graph width approx. 2 mm. 
Photomicrographie la croissance de cou- 
ronnes de grenat autour de spinelles pléonaste vert 
primaires dans l'échantillon E38 de la péridotite de 
Sandvik. Noter également le grand cristal d'amphi- 
bole primaire voisin (en haut à gauche) contenant 
d'abondantes inclusions de rutile. Dimension appro- 
ximative de la photographie 2 mm. 
confirms the arrested nature of the spinel lherzo- 
lite -> garnet lherzolite reaction in this rock and 
the overall lack of chemical equilibrium. 
Despite the garnet exsolution the orthopyroxe- 
nes in sample E38 are still considerably more 
aluminous (average 3.39 wt.% of A1,03) than 
those in the associated garnet peridotites (E35, 
E39A, and E97). Point counts on three mutually 
perpendicular sections cut through a large ortho- 
pyroxene porphyroclast indicated the presence 
of 6.4 vol.% of garnet (equivalent to approx. 
7.5 wt. %) within the orthopyroxene. The re- 
constituted primary orthopyroxene calculated on 
the reasonable assumption that all this garnet 
was exsolved from a primary high temperature 
more aluminous orthopyroxene indicates an ori- 
ginal A1,03 content of 4.79 wt.% (Table III). As 
it was not possible to satisfactorily integrate the 
fine scale clinopyroxene exsolution lamellae 
present in these orthopyroxenes by direct analy- 
sis or by calculation, the CaO content of the 
derived primary orthopyroxene is almost cer- 
tainly an underestimate. Amounts of primary 
clinopyroxene in this rock are fairly limited but 
analyses show (Table II) that it is also somewhat 
FIG. 5. - Photomicrograph showing clusters of small 
garnet grains considered to have exsolved from an 
originally more aluminous orthopyroxene in the 
Sandvik peridotite sample E38. Also note the pre- 
sence of primary dark coloured pleonaste spinel in- 
clusions in the orthopyroxene megacryst - which 
typically develop extremely narrow (< 10 microns) 
garnet coronas. Photograph width approx. 5 mm. 
Photomicrographie montrant les amas de petits 
grains de grenat considérés comme ayant été exsol- 
vés à partir d'un orthopvroxène initial plus alumi- 
neux dans l'échantillon E38 de la péridotite de 
Sandvik. Noter aussi la présence d'inclusions de 
spinelle pléonaste primaire très colorées dans le 
cristal d'orthopyroxène, lequel développe de ma- 
nière typique des couronnes de grenat extrêmement 
fines (< 10 microns). Dimension approximative de 
la photographie 5 mm. 
more aluminous (average 4.51 wt.% A1,03) 
than that in the analysed throughgoing garnet 
peridotite samples. However. this clinopyroxene 
has not been observed to show any evidence of 
garnet exsolution. A further unusual feature of 
this peridotite sample is the presence of conside- 
rable amounts of pale coloured hornblende full 
of minute rutile inclusions (Figure 4). This am- 
phibole appears to be in textural equilibrium 
with the pyroxenes and as it occurs together 
with olivine, clinopyroxene and spinel as inclu- 
sions in the large orthopyroxenes, it would ap- 
pear to have formed in association with the pri- 
mary spinel lherzolite assemblage. 
In common with most other documented oc- 
currences of Norwegian Mg-Cr garnet peridoti- 
tes, the rocks at Sandvik characteristically have 
partly recrystallised mosaic porphyroclastic 
textures with large strained porphyroclasts (typi- 
cally 0.2 -1.0 cm across) surrounded by much 
smaller recrystallised neoblasts. As observed el- 
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sewhere (e.g. Medaris, 1980 ; Carswell, 1981), 
compositions of pyroxene porphyroclast rims 
and recrystallised neoblasts are mostly indistin- 
guishable but generally slightly different from 
porphyroclast core compositions. Where such 
differences have been observed separate averag- 
ed analyses are given (Tables I -VI) for grain 
cores and rims, the latter incorporating any avai- 
lable neoblast analyses. 
The main composition differences recognised 
are a slight increase in Fe /Mg ratios in garnet 
rims (+ neoblasts) compared to garnet cores and 











xene grain rims adjacent to garnets. Such featu- 
res are similar to those observed in the more 
detailed zoning profiles obtained from large gar- 
net and pyroxene porphyroclasts in- Mg -Cr gar- 
net peridotites from the Kalskaret (Tafjord) loca- 
lity (Figure 6), the most obvious features of 
which are the existence of uniform grain cores 
and compositionally distinct rims only 100 -200 
microns wide. Garnets show the most striking 
composition changes at grain rims with marked 
increases in Fe. Mn and Ca contents and corres- 
ponding decreases in Mg content. Compositio- 
nal zoning in the clinopyroxenes is less distinct 
















FIG. 6. Compositional zoning profiles (presented as counts /sec) for Al in orthopyroxene and Mg, Fe and Ca 
and Mn in garnet from a Kalskaret garnet peridotite sample T337. 
Profils de composition (en coups /sec) pour Al dans l'orthopyroxène et Mg. Fe, Ca et Mn dans le grenat de 
l'échantillon T337 de la péridotite à grenat de Kalskaret. 
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of Fe and Mg contents. Hence the overall result 
is a marked increase in the partition coefficient 
Fe/Mg garnet 
KD Fe /Mg clinopyroxene 
close to grain ed- 
a feature which may be conventionally in- 
terpreted ( Róheim and Green, 1974 : Ellis and 
Green, 1979) to indicate that the final stages of 
growth occurred under declining temperature 
(and pressure ?) conditions. However, such 
compositional zoning may simply represent a 
diffusion controlled arrested attempt by these 
mineral grains to adjust their element partition- 
ing during the declining P -T conditions which 
must have followed the metamorphic peak. 
Neither in the Sandvik nor the Kalskaret sam- 
ples have we observed instances of more pro- 
longed retrograde Fe /Mg zoning profiles as 




In tables VII -IX, new analyses for major and 
various trace elements and calculated CIPW 
norms are presented for representative whole 
rock samples of Fe -Ti garnet peridotites and as- 
sociated garnet pyroxenites and eclogites from 
the Eiksunddal Complex and for Mg -Cr garnet 
peridotites and associated rocks from the Sand - 
vik locality on Gurskey. These analyses were 
obtained for the most part by X -ray fluorescence 
although analyses of FeO and H,0 were per- 
formed by classical `wet' techniques and those 
of Na-,0 by atomic absorption. In table X, ave- 
raged analyses for the rocks from these two lo- 
calities are compared with analyses of Fe -Ti gar- 
net peridotites from Kolmannskog and Raknes- 
tangen (new analyses) and from Lyngenes 
(Eskola, 1921) and with averaged analyses of 
Mg -Cr garnet peridotites from Kalskaret and 
Ugelvik and also of related `internal' garnet py- 
roxenites and eclogites from the latter locality. 
These analyses confirm the much more ferri- 
ferous and titaniferous and less chromiferous 
character of the garnet peridotites from Eiksund- 
dal (mean value for 100 Mg /(Mg + Fe) = 
64.0 ; ranges in Cr203 and TiO2 contents are 
0.01 -0.04 wt.% and 0.65 -1.05 wt.% respecti- 
vely), from Raknestangen (mean 100 Mg /(Mg 
+ Fe) = 61.9 ; mean Cr,03 = 0.03 wt. %, 
mean TiO, = 0.71 wt. %), from Kolmannskog 
( 100 Mg /(Mg + Fe) = 74.9 ; Cr,03 = 
0.03 wt. %, TiO, = 0.42 wt. %) and from Lyn - 
genes (100 Mg /(Mg + Fe) = 68.5 ; TiO, = 
1.35 wt. %) compared with the garnet peridotites 
from Sandvik (100 Mg /(Mg + Fe) = 84.2- 
91.7 ; Cr,03 = 0.29 -0.53 wt. %, TiO, = 0.01- 
0.48 wt. %), from Kalskaret (mean 100 Mg /(Mg 
+ Fe) = 81.2 ; mean Cr,03 = 0.29 wt.% ; 
mean TiO, = 0.36 wt. %) and Ugelvik (mean 
100 Mg /(Mg + Fe) = 90.0 : mean Cr,O, = 
0.53 wt.% ; mean TiO, = 0.11 wt. %). It is 
clear that these particular chemical distinctions 
also extend to the associated garnet pyroxenites 
and eclogites at these various localities. Other 
significant chemical differences are the higher 
MnO and P,05 contents and lower NiO contents 
of the Fe -Ti peridotites compared with the Mg- 
Cr garnet peridotites. 
The contrasting chemistries of the two groups 
of garnet peridotites (+ associated rocks) are 
further illustrated on figure 7, in which the com- 
position fields for the two groups are quite sepa- 
rate. Figure 7 also demonstrates that other than 
at Sandvik, the garnet peridotites and associated 
rocks at the various localities define fairly well 
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FIG. 7. - CMF diagram showing the whole rock 
compositions for garnet peridotites and associated 
eclogites and garnet pyroxenites from various loca- 
lities discussed in this paper. 
Diagramme CMF montrant les compositions chimi- 
ques, en roche totale, des péridotites à grenat, des 
éclogites associées et des pyroxénites à grenat des 
différents gisements présentés dans cet article. 
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calcic, aluminous and sodic garnet pyroxenites 
and eclogites characteristically having somewhat 
lower 100 Mg /(Mg + Fe) ratios than the related 
garnet peridotites. However, at the Sandvik lo- 
cality the amphibole bearing garnet spine) 
lherzolite sample E38 is distinctly more ferrife- 
rous both in its overall whole rock composition 
and in its constituent minerals (Tables l -VI) than 
the analysed samples of associated peridotites 
and pyroxenites. The explanation of this and the 
precise nature of the relationship of this excep- 
tional and important 'sample to the surrounding 
rocks at Sandvik currently remains unclear. 
The highly oxidised character of some of the 
metamorphic mineral assemblages in the 
Eiksunddal Complex and the likelihood of che- 
mical transfer during metamorphic evolution 
complicate any attempt to interpret the varia- 
tions in chemical compositions between the va- 
rious whole rock samples in terms of original 
igneous layering of low pressure gabbro- 
peridotite assemblages as represented by the cal- 
culated CIPW norms (Tables VII -VIII). The oc- 
currences of cross cutting omphacite veins at 
Eiksunddal (e.g. sample E45) and Kolmannskog 
and of discordant metasomatically zoned garnet - 
omphacite veins at Raknestangen bear witness 
not only to chemical mobility during the eclogite 
facies metamorphism, but also to the existence 
of substantial fluid pressures for the develop- 
ment of these fracture controlled veins. Never- 
theless, despite these reservations, the CIPW 
norms suggest that the dominant eclogites and 
garnet pyroxenites in the Eiksunddal Complex 
could have developed from original olivine rich 
norites with a low pressure mineralogy which 
consisted of dominant plagioclase (An53.6,), 
considerable olivine (Fo55_63) and typically, 
roughly equal, smaller amounts of orthopyro- 
xene (En66 -75) and clinopyroxene (augite). On 
the other hand, the CIPW norms of the garnet 
peridotite samples from Eiksunddal suggest a 
low pressure protolith assemblage comprising 
dominant olivine (Fo64_73) and orthopyroxene 
(En66 -75) with only minor plagioclase and clino- 
pyroxene. However, the unrealistically high 
anorthite contents (An90_98) of the normative pla- 
gioclases in these garnet peridotites make it pro- 
bable that such rocks developed from original 
plagioclase free olivine and orthopyroxene rich 
peridotite layers. Furthermore, because of the 
current highly oxidised character of these parti- 
cular rocks, the original ferromagnesian silicates 
can reasonably be expected to have had lower 
Mg2+ /(Mg2+ +Fe2 + ratios than the values in- 
dicated by the CIPW norms. 
The previously highlighted geochemical dis- 
tinctions, indicate that it is extremely unlikely 
that the Mg -Cr garnet peridotites, such as those 
from Sandvik, have originated from igneous as- 
semblages which were in any way directly relat- 
ed genetically to the protoliths for the Fe -Ti gar- 
net peridotites. Whole rock compositions and 
derived CIPW norms for the Sandvik samples 
by themselves provide little insight into the li- 
kely origins of these rocks. other than to indi- 
cate their consistently highly magnesian and 
chromiferous refractory character which is in 
keeping with other forsteritic olivine dominated 
'alpine -type' peridotite bodies of proposed upper 
mantle or ophiolitic origins (e.g. Carswell, 
19686 ; Ringwood, 1975 ; Ernst, 1978 : Spray, 
1982 ; Dick, 1982). The subordinate garnet py- 
roxenite or eclogite layers enclosed within such 
peridotite bodies appear most likely to represent 
the modified products of complex partial melt- 
ing and crystal fractionation processes operative 
at upper mantle depths (e.g. Carswell, 1968a ; 
Dickey et al., 1977 ; Lappin, 1974 ; Loubet and 
Allègre, 1982). 
PRESSURE -TEMPERATURE ESTIMATES 
AND IMPLICATIONS 
Various calibrated mineralogical thermome- 
ters such as those for the two pyroxene solvus 
(Wells, 1977) and for Fe2 + /Mg2+ distribution 
between garnet and clinopyroxene (Mori and 
Green, 1978 ; Ellis and Green, 1979) and garnet 
and olivine (O'Neill and Wood, 1979, 1980) are 
appropriate for evaluation of the likely equilibra- 
tion temperatures of garnet peridotite assembla- 
ges (Carswell and Gibb, 1980a and b). These 
values can then be combined with the Wood 
(1974) geobarometer for Al partitioning in 
garnet- orthopyroxene equilibra to yield absolute 
values for both temperature and pressure. Alter- 
natively, for 5 -phase garnet + spinel lherzolite 
assemblages absolute P -T values may be obtain- 
ed by the method provided by O'Neill (1981). 
Fe -Ti garnet peridotites and associated rocks 
Problems can be expected with the application 
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of the above geothermometric /barometric 
methods to these rocks because of the gross che- 
mical differences between these rock composi- 
tions and the experimentally calibrated rock sys- 
tems. The common occurrence of secondary 
reaction features in these rocks is a further com- 
plication. Hence any P -T values calculated for 
these rocks must be carefully scrutinised. 
The following mean values (and standard ele- 
vations) have been obtained for a total of 13 
separate P -T determinations based on core 
and /or rim analyses of largely unzoned grains in 
the Fe -Ti garnet peridotites and associated gar- 
net pyroxenites : 
Wells /Wood 
808 °C (70 °C) / 28.6 kbar (8.1 kbar) 
Mori and Green /Wood 
747 °C (57 °C) / 24.9 kbar (10.4 kbar) 
Ellis and Green /Wood 
692 °C (59 °C) / 21.3 kbar (6.7 kbar) 
O'Neill and Wood/Wood 
620 °C (51 °C) / 21.6 kbar (11.1 kbar). 
It should be pointed out that the Mori and Green, 
(1978) KD F == Mg=- calibration has been employ- 
ed assuming all Fe as Fee+ in both minerals, 
whereas with the Ellis and Green (1979) calibra- 
tion analytically determined or stoichiometri- 
cally calculated Fee + /(Fe3+ + Fe3 +) values have 
been taken into consideration. These contrasting 
procedures are in line with the different experi- 
mental and data treatments employed to obtain 
these different calibrations (see also Medaris, 
1980 ; Carswell, 1981). 
It seems likely that the Wells two pyroxene 
solvus temperatures are too high, a conclusion 
substantiated by other evidence (Carswell and 
Griffin, 1981) which suggests that the empirical 
correction applied by Wells (1977) to take ac- 
count of the effect of Fe on the solvus is proba- 
bly inadequate. Furthermore, these high Wells 
temperatures in turn lead to pressure estimates 
which also seem excessively high. By contrast 
the O'Neill and Wood temperatures based on 
KFé ' °M+ look to be rather low, perhaps reflect- 
ing the influence of the widely prevalent secon- 
dary reactions at garnet- olivine grain contacts. 
It therefore would appear that the P -T values 
obtained by the Mori and Green/Wood and Ellis 
and Green/Wood pairings are likely to be the 
most realistic, the former being somewhat 
higher at least partly because the Mori and 
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Green Kr) calibration is based on experiments at 
30-40 kilobars pressure and unlike that of Ellis 
and Green does not provide a correction factor 
for the influence of pressure on K0. All things 
considered it is perhaps surprising that these 
'best' P -T values at least approach the values of 
around 750 °C and 20 kbar indicated for the me- 
tamorphic maximum in this part of western 
Norway from several studies of other relict high 
grade mineral assemblages (Krogh, 1980 : Me- 
dads, 1980 : Carswell and Gibbs 1980b : Griffin 
and Mork, 1981 : Carswell et al.. 1983). Tne 
mean pressure estimates for these rocks from the 
Wood (1974) gamet -orthopyroxene geobarome- 
ter are however, > 20 kbar, but are somewhat 
lowered if only orthopyroxene -garnet grain rim 
compositions are considered. For example. for 
the Mori and Green/Wood pairings the mean 
P -T values for grain rim compositions are 
726 °C/19.7 kbar compared with 757 °C/ 
27.2 kbar for grain core compositions. Unfortu- 
nately, the Fe rich nature of the garnet + pleo- 
naste spinel bearing peridotites prohibits calcula- 
tion of meaningful pressure values by the 
method of O'Neill (1981) because of uncertain- 
ties over the appropriate correction factors re- 
quired to take account of the likely opposing 
effects of Fee+ and Fei+ on the garnet 
peridotite- spinel peridotite equilibrium 
(MacGregor, 1970 ; O'Neill, 1981). Application 
of the more recently published garnet - 
orthopyroxene barometer of Harley and Green 
(1982), which has been experimentally calibra - 
tion for FeO bearing systems, raises the pressure 
estimates by on average about 2 kbar relative to 
the values obtained from the Wood (1974) cali- 
bration. Such differences are well within the 
large overall uncertainty which must be attached 
to the pressure estimates because of the low va- 
lues of XÁ¡ in the orthopyroxenes concerned. 
The existence of compositionally homoge- 
neous grain cores and the absence of obvious 
relict mineral inclusions in the garnets restrain 
interpretation of the prograde metamorphic path 
followed by these rocks. However, if the origi- 
nal igneous crystallisation of these rocks took 
place in a reasonably stable continental crust en- 
vironment and involved coexisting olivines and 
plagioclases, as seems plausible for the associat- 
ed garnet pyroxenites and eclogites, then pressu- 
res less than about 10 kbar (Figure 8) seems 
likely (Ito and Kennedy, 1971 ; Ringwood, 
1975). Geochemical affinities and field associa- 
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FIG. 8. - Diagram illustrating possible P -T trajectories (directions arrowed) for the metamorphic evolution of 
protoliths for the Fe -Ti garnet peridotites (PI) and the Mg -Cr garnet peridotites (P2). Note the separate but 
essentially parallel early cooling paths, the convergence on tectonic interdigitation just prior to the eclogite 
facies metamorphic peak (M) and the common retrograde path passing through appropriate conditions for the 
development of secondary Al pyroxenes + spinel kelyphites (K) and amphibolites (A). The various experimen- 
tally determined equilibria shown are as follows : a) Calculated univariant curve for the reaction anorthite + 
forsterite (low P) = clinopyroxene + orthopyroxene + spinel (high P) in the system CaO- Mg0- A1203 -SiO, 
(Obata, 1976). b and j) Up pressure garnet -in and plagioclase -out reaction curves respectively, for basaltic 
composition NM5 of Ito and Kennedy (1971) which provides a reasonable approximation to the bulk composi- 
tion of eclogites /garnet pyroxenites in the Eiksunddal Complex. c) Reaction boundary between plagioclase 
pyrolite ( peridotite) and spinel -Al pyroxenes pyrolite from figure 6-4 of Ringwood (1975). d) Pressure 
brackets for the garnet + olivine pyroxenes + spinel reaction at 900 °C determined by Jenkins and Newton 
(1979) in hydrothermal reversal runs on a mixture of natural pyropic garnet and forsteritic olivine. e) Garnet + 
olivine pyroxenes + spinel reaction curve in the CaO- Mg0- A1203 -Si02 system of MacGregor (1970). f) 
The same reaction curve determined by Jenkins and Newton (1979) from hydrothermal reversal runs in the 
CMAS system. g) The univariant curve for the spinel lherzolite garnet lherzolite reaction in Almklovdalen 
garnet peridotite sample N 14A. O'Hara (1975). h) The sanie reaction curve for slightly more magnesian natural 
compositions. O'Hara et al. (1971). i) Univariant reaction curve for pyrope + forsterite enstatite + spinel in 
the Mg0- A1103 -Si02 system determined by Perkins et al. (1981). k, 1 and m) Represent the approximate 
locations and form of the `wet' (PH 0 = P total), 0.1 % H2O and `dry' mantle peridotite solidus, respectively, 
from data given by Ringwood (1975) and Wyllie (1977, 1979). 
Diagramme illustrant les trajectoires P -T possibles (flèches) pour l'évolution métamorphique des protolithes 
pour les péridotites à grenat riches en Fe -Ti (PI) et les péridotites à grenat riches en Mg -Cr (P2). Noter les 
trajectoires initiales de refroidissement séparées mais parallèles, la convergence de l'interdigitation tectonique I 
juste avant le maximum du métamorphisme éclogitique (M) et la trajectoire rétromorphique commune au 
[ravers de conditions requises pour le développement de kélyphites (K) de pyroxènes secondaires alumineux + 
spinelle et d'amphibolites (A). Les différents équilibres expérimentaux représentés sont les suivants : a) Courbe 
univariante calculée pour la réaction anorthite + forstérite (basse Pression) = clinopyroxène + orthopyroxène 
+ spinelle (haute Pression) dans le système CaO- Mg0- A1203 -Si02 (Obata, 1976). b et j) Courbes réactionnel- 
les respectives limitant le domaine du grenat de haute pression et celui de l'existence du plagioclase pour la 
composition basaltique NM5 de Ito et Kennedy (1971) qui représente une approximation raisonnable de la 
composition moyenne de l'ensemble éclogites/pyroxénites à grenat dans le complexe de Eiksunddal. c) Limite 
réactionnelle entre pyrolite à plagioclase ( peridotite) et pyrolite à pyroxènes et spinelle alumineux d'après les 
figure 6-4 de Ringwood (1975). d) Domaines de pression pour la réaction grenat + olivine pyroxènes + 
spinelle à 900 °C déterminés par Jenkins et Newton (1979) lors d'expériences hydrothermales réversibles sur un 
mélange de grenat riche en pyrope et d'olivine riche en forstérite. e) Courbe réactionnelle grenat + olivine 
pyroxène + spinelle dans le système CaO- Mg0- A1203 -Si02 d'après MacGregor (1970). f) La même courbe 
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réactionnelle déterminée par Jenkins et Newton (1979) à partir d'expériences hydrothermales réversibles dans le 
système CMAS. g) Courbe univariante pour la réaction lherzolite à spinelle lherzolite à grenat dans 
l'échantillon N14A de la péridotite à grenat de l'Almklovdalen. O'Hara (1975). h) La même courbe réaction- 
nelle pour des compositions légèrement plus magnésiennes. O'Hara et al. (1971). i) Courbe réactionnelle 
univariante pour la réaction pyrope + forstérite enstatite + spinelle dans le système MgO- A1,03 -SiO, 
déterminée par Perkins et al. (1981). k. 1 et m) Localisation et forme approximatives respectives des solidus de 
péridotite mantellaire "humide" (PFt20 = P totale), 0,1 % H2O et "sèche" d'après les données de Ringwood 
(1973) et Wyllie (1977, 1979). 
tions lead us to speculate that the Fe -Ti garnet 
peridotites and associated rocks in the Basal 
Gneiss Complex may be genetically related to 
the typically Fe and Ti enriched rapakivi granite 
(augen gneiss) -mangerite -anorthosite rock suite 
(Emslie, 1978) which appears to have been em- 
placed extensively throughout this part of Scan- 
dinavia at around 1 500 Ma (Harvey, 1983). 
Thus the prolonged initial cooling and subse- 
quent prograde P -T paths shown on figure 8 for 
these rocks prior to the metamorphic culmina- 
tion (M) are drawn so as to be compatible with 
the notion that the protoliths of these Fe -Ti gar- 
net peridotites were old mid- Proterozoic igneous 
rocks intruded into the lower continental crust. 
Subsequent to the eclogite facies metamorphic 
`high' these rocks appear likely to have followed 
a retrograde P -T path which initially involved 
rapid decompression (Cuthbert et al., 1983) 
with the restricted development of granulite fa- 
cies assemblages (pyroxenes + spinel kelyphites 
at garnet -olivine grain contacts) before cooling 
and partial hydration led to replacive amphibo- 
lite facies assemblages. 
Mg -Cr garnet peridotites and associated rocks 
For the Sandvik Mg -Cr garnet peridotites 
`best' P -T estimates are limited to an average for 
only two sample assemblages, namely those for 
E97 and E35 grain rims, since estimates based 
on the exsolved assemblages in E38 and on E35 
grain cores give unrealistically low (3 -12 kbar) 
and high (28 -38 kbar) pressures respectively. 
These P -T estimates based on the same four 
methods as used to evaluate the equilibration 
conditions for the Fe -Ti garnet peridotites are as 
follows : 
Wells/Wood 
Mori and Green/Wood 
Ellis and Green/Wood 
O'Neill and Wood/Wood 
836 °C/23.4 kbar 
754 °C/18.6 kbar 
770 °C/21.8 kbar 
620 °C/11.6 kbar 
As before, the values based on the Mori and 
Green/Wood and Ellis and Green/Wood pairings 
are considered to be superior not least because 
they are most in line with previous determina- 
tions of P -T equilibration conditions for other 
Mg -Cr garnet peridotites in the Basal Gneiss 
Complex (Carswell and Gibb, 1980b ; Medaris, 
1980 ; Carswell, 1981) and the 'best' P -T esti- 
mates derived above for the Fe -Ti garnet perido- 
tites. As with the Fe -Ti garnet peridotites, the 
Harley and Green (1982) calibration raises the 
pressure estimates by about 2 kbar compared 
with the values obtained from the Wood (1974) 
calibration. However, uncertainties attributable 
to the low 411 values in the orthopyroxenes are 
exacerbated by the significant Cr,03 contents in 
these particular mineral assemblages. 
The recognition in sample E38 of garnet coro- 
nas on earlier pleonaste spinels and of garnet 
exsolution from originally more highly alumi- 
nous orthopyroxenes are clearly important to 
any interpretation of the metamorphic evolution 
of these rocks. Evaluation of the likely primary 
olivine -orthopyroxene (reconstituted composi- 
tion - table III) -spinel assemblage in this rock 
indicates a temperature of about 1 110 °C, em- 
ploying the method of Sachtleben and Seck 
(1981). 
Other evidence for the existence of original 
high Al pyroxene megacrysts within the Mg -Cr 
garnet peridotite bearing bodies has been provid- 
ed by Carswell (1973) and Lappin (1973, 1974). 
At Ugelvik, Carswell (1973) has described in a 
garnet pyroxenite sample exsolution of abundant 
garnet and clinopyroxene from orthopyro- 
xene judged to have had an original A1,03 
content of around 4.16 wt.% very similar to 
the primary orthopyroxene composition de- 
duced for the Sandvik sample. At Raudklei- 
vane , S unndal-Grubse , Almklovdalen , Lap - 
pin (1973, 1974) has described exsolution of 
garnet and orthopyroxene from large lamellar 
clinopyroxenes within a garnet poor clinopyro- 
xenite. The pre- exsolution clinopyroxenes at this 
locality were also deduced to have originally 
contained around 4 wt.% A1203 and to have 
formed at around 1 100 °C. 
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The assumption of cotectic crystallisation of 
these early high Al pyroxenes with gamets, led 
Carswell (1973) and Lappin (1974) to deduce 
crystallisation from high pressure melts indica- 
tive of a deep mantle origin for these rocks. 
However, at neither of these localities is there 
unequivocal evidence that these high Al pyroxe- 
nes coexisted with garnet or indeed with spinet 
as at Sandvik. However, the evidence from the 
Sandvik locality strongly suggests a lower pres- 
sure origin for these high AI pyroxene bearing 
assemblages than previous interpretations. Ne- 
vertheless, in the absence of a suitable mineral 
barometer for spinet peridotite assemblages un- 
certainty persists over the precise pressures of 
formation and depths of origin of these rocks. 
The temperature of around 1 100 °C obtained 
for the primary olivine-orthopyroxene-spinel as- 
semblage in the Sandvik sample E38 is reaso- 
nably in line with the expected solidus tempera- 
tures for such a peridotite composition with 
small amounts of water and /or CO, (Ringwood, 
1975 ; Wyllie, 1977, 1979). Under hydrous 
melting conditions amphibole, also observed as 
an apparent primary phase in this rock, may bé 
expected to crystallise on the peridotite solidus 
at temperatures around t 050 °C, at 10 -20 kbar. 
Hence, allowing for uncertainties in the derived 
temperature estimate, it is just conceivable that 
the deduced primary assemblage in E38 may 
have been a true igneous assemblage (Figure 8). 
Alternatively, it may represent an early high P -T 
sub -solidus assemblage equilibrated on the am- 
bient mantle geotherm subsequent to a partial 
melting event induced by diapirism but before 
thrust related tectonic emplacement into the 
crust, as proposed by Obata (1979) for the 
Ronda peridotite body in southern Spain. Cer- 
tainly, the presence of garnet pyroxenite and 
eclogite layers and lenses within these peridotite 
bodies, some as at Kalskaret of picritic composi- 
tion (Carswell, 1968a), strongly suggests that 
the development of the deduced early high P -T 
assemblages was at least a consequence of par- 
tial melting in a rising mantle peridotite diapir, 
as indicated in figure 8. 
The recent recognition by Griffin and Qvale 
(1981) of superferric eclogites containing pro - 
grade zoned garnets intimately associated with 
the exsolved garnet clinopyroxenites within the 
Mg -Cr garnet peridotite body at Raudkleivane, 
imposes an important constraint on the subse- 
quent P -T trajectory followed by these peridotite 
bodies. The preservation of Cl -rich. Al -rich fer- 
ropargasite inclusions in the cores of these pro - 
grade zoned garnets was taken by these authors 
as evidence that amphibolitisation (and possibly 
even serpentinisation of the associated peridoti- 
tes) preceded the prograde metamorphism of 
these rocks. 
Geochronological constraints on the P -T tra- 
jectory for these particular alpine -type peridotite 
bodies are currently rather inadequate. but there 
is some evidence that the diapiric melting event 
which established the isotope systems iri these 
rocks may have occurred as long ago as 
1 500 Ma (Gebauer et al., 1982 ; Mearns and 
Lappin, 1982), whilst the current eclogite facies 
mineralogies were probably established much la- 
ter (around 400 -450 Ma) during the Caledonian 
orogeny (Griffin and Brueckner, 1980, 1982 ; 
Gebauer et al., 1982). Hence a possible scenario 
might be that the initial diapirism and resultant 
partial melting which affected these rocks occur- 
red around 1 500 Ma ago during a major epi- 
sode of continental rifting which ultimately led 
to the opening of Iapetus Ocean. These mantle 
peridotites may consequently have been welded 
on to the edge of the Baltic continental plate in a 
highly vulnerable position (see models in Spray, 
1982 and Gebauer et al., 1982) from which they 
were subsequently tectonically emplaced into 
the crustal gneisses of the Baltic plate on its 
collision with the Greenland plate when Iapetus 
ocean finally closed during the Caledonian oro- 
geny (see tectonic model of Cuthbert et al., 
1983). It is interesting that the timing of the 
initial mantle diapirism and continental rifting at 
around 1 500 Ma would indicate that it was es- 
sentially contemporaneous with the episode of 
extensive intrusion into the crust of rapakivi 
granite -mangerite -anorthosite suite magmas 
(Harvey, 1983), to which, as previously indicat- 
ed, the protoliths of the Fe -Ti garnet peridotites 
and associated rocks may well have been relat- 
ed. It is also significant that the emplacement of 
the latter suite of crustal intrusives into the 
North American continental crust at around the 
same time has also been considered to relate to 
the onset of major continental rifting (Bridgewa- 
ter and Windley, 1973 ; Emslie, 1978). 
With these various considerations and cons- 
traints in mind, we have indicated on figure 8 
what we consider to be a plausible 'overall P -T 
trajectory leading to the development of the 
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eclogite facies mineralogies in these Norwegian 
Mg -Cr garnet peridotite bodies. It is envisaged 
that in order for the early high P -T spinel -Al 
pyroxenes assemblages to have been at least 
sporadically preserved, these rocks must have 
been fairly rapidly cooled down below the diffu- 
sion 'blocking' temperatures of around 800- 
900 °C (Harte and Freer. 1982) following the 
diapirically induced partial melting event. On 
figure 8 this initial cooling episode is shown as 
ultimately extending down to temperatures ap- 
propriate for partial amphibolitisation. Subse- 
quent to early Caledonian thrust related tectonic 
emplacement of these rocks into the crustal 
gneiss sequence. both the Mg -Cr peridotites and 
the Fe -Ti peridotites are shown as having fol- 
lowed a common P -T trajectory. first to the 
eclogite facies metamorphic peak on superposi- 
tion of maximum crustal overburden (Cuthbert 
et al., 1983) and then down the subsequent re- 
trograde metamorphic path on fairly rapid un- 
loading and exhumation. Retrogressive meta- 
morphism in the Mg -Cr garnet peridotites in- 
volved first the development of kelyphites 
around garnets of spinet + Al pyroxenes and 
subsequently amphibolitisation giving tremolite- 
chlorite peridotite assemblages. It is important 
to emphasise that the P -T trajectory shown for 
the Mg -Cr mantle derived `alpine type perido- 
tite bodies indicates that the garnet peridotite 
assemblages in these rocks have not been inhe- 
rited from upper mantle depths as proposed in 
many earlier papers (e.g. Carswell, 1968a,b, 
1973 ; Lappin, 1974 ; O'Hara and Mercy, 
1963 ; Medaris, 1980 ; Smith, 1980) but have 
developed in association with equivalent assem- 
blages formed in undoubted crustal lithologies, 
including the protoliths of the Fe -Ti garnet peri- 
dotites described in this paper. 
CONCLUSIONS 
1. Two chemically distinct types of garnet 
peridotites occur in the Basal Gneiss Complex 
of western Norway, here designated as the Fe -Ti 
type and the Mg -Cr type. The former typically 
has 100 Mg /(Mg + Fe) values of 60 -75, Cr,03 
and TiO2 contents of < 0.05 wt.% and around 
1 wt.% respectively, with mineral compositions 
of : olivine (Fo67_82), garnet (Pyr39- 56A1m29 -47 
Grossi_12), and orthopyroxene (En7485). The lat- 
ter typically has 100 Mg /(Mg + Fe) values of 
80 -92. Cr,O, and TiO2 contents of around 
0.5 wt.% and 0.25 wt.% respectively ; with mi- 
neral compositions of : olivine (FoB,_9,), garnet 
(Pyr61_75A1m 15.30Gross5_ Ie) and orthopyroxene 
(En54.9.). 
2. CIPW norms for whole rock analyses of 
the Fe -Ti garnet peridotites and associated gar- 
net pyroxenites and eclogites are compatible 
with derivation from layered intrusions of oli- 
vine norite- peridotite cumulates originally crys- 
tallised at < 10 kbar pressure. On the other 
hand. geochemical considerations and new pe- 
trographic evidence from the Sandvik locality 
are taken to indicate that the Mg -Cr garnet peri- 
dotites evolved from original high temperature 
aluminous pyroxenes -spinet peridotite bodies of 
ultimate mantle origin. Such early high tempera- 
ture assemblages and the occurrence of indige- 
nous layers or lenses of garnet pyroxenites and 
eclogites of picritic composition are considered 
to be indicative of diapirically induced partial 
melting at mantle depths prior to the tectonic 
emplacement of these rocks into the lower crus- 
tal gneiss complex. 
3. The crystallisation of the high temperature 
protolith assemblages for both types of garnet 
peridotites may have occurred at around 
1 500 Ma. (mid -Proterozoic) and have been re- 
lated to the initial continental rifting leading to 
the opening of Iapetus Ocean. The Fe -Ti type is 
tentatively linked with the rapakivi granite - 
mangerite-anorthosite suite of magmatic intrusi- 
ves of that age. 
4. The Mg -Cr peridotite bodies are considered 
most likely to have been tectonically intercalated 
into the lower crustal gneiss complex early 
during the Caledonian orogeny. Subsequently, 
both peridotite types are envisaged to have fol- 
lowed essentially the same P -T trajectory lead- 
ing to the development of the garnetiferous as- 
semblages. 
5. Temperature and pressure estimates for the 
metamorphic culmination in both garnet perido- 
tite types are broadly similar at around 750 °C 
and 20 kbar and are also compatible with other 
P -T estimates from relict high -grade assembla- 
ges in this part of western Norway. 
6. Prior to their eventual exposure at the sur- 
face, both peridotite types are judged to have 
followed comparable retrograde P -T paths in- 
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volving firstly development of anhydrous kely- 
phites around garnets of spinel + pyroxenes, in 
response to rapid decompression, and subse- 
quently extensive amphibolitisation. Secondary 
Cr poor garnet is sometimes observed in kely- 
phites around Cr rich garnets in the Mg -Cr gar- 
net peridotites whilst abundant secondary ma- 
gnetite forms coarse symplectite intergrowths 
with pyroxenes on garnet breakdown in the Fe- 
Ti garnet peridotites. 
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ABSTRACT 
Field relations and petrographic observations on the west coast of Mid0%, W. of 
Molde, show the following sequence of events: 1. Intrusion of the igneous pro - 
toliths of the augen orthogneiss complex; 2. Intrusion of dolerite dykes; melting 
of wall rocks, back -veining of dolerites by anatectic melt (intrusive relations of 
gneiss into eclogite are preserved locally); 3. Metamorphism to ca. T = 750 °C, 
P = 17-21 Kb; dolerites boudinaged and converted to eclogites, felsic veins to 
Ca -rich garnet + kyanite + plagioclase + quartz ± K- feldspar ± omphacite; 4. 
Extreme flattening, ENE -WSW shearing and development of blastomylonite in 
gneisses; further boudinage of eclogites, formation of granitic pegmatites, 
amphibolite- facies mineral assemblages in gneiss and along eclogite margins. 
This sequence is now recognized over much of the Western Gneiss Region. 
Radiometric data suggest that (1) occurred ca. 1500 Ma ago, while (3) and (4) are 
Caledonian (450 -380 Ma). The high -pressure metamorphism of the eclogites must 
have occurred in situ; the surrounding segment of continental crust was depressed 
to 60 -70 km depths. This 'subduction' was probably related to continent- continent 
collision during the Caledonian orogeny. 
Introduction 
The origin of the eclogites that occur as lenses in the 
Western Gneiss Region of Norway is still a matter 
of debate, sixty years after the classic descriptions of 
Eskola (1921). Many investigators see compelling 
evidence for in situ metamorphism of the eclogite 
lenses enclosed in gneiss (`country -rock' or `external' 
eclogites; Bryhni et al. 1977; Krogh 1977; Griffin 
et al. 1984). Others, noting the presence of appar- 
ently mantle -derived garnet peridotite bodies in the 
gneisses, also interpret the `country -rock' eclogites 
as mantle fragments (Lappin 1966; Lappin and 
Smith 1978; O'Hara et al. 1971). If eclogites can be 
shown to have formed by in situ metamorphism at 
high P and T, this would imply an overthickening of 
the continental crust, with important tectonic ramifi- 
cations. 
The main argument generally used against an in 
situ formation of the eclogites is that the surrounding 
gneisses are usually in amphibolite facies. The eclo- 
gites are thus `out of equilibrium' with their country 
rocks, as evidenced by the zone of marginal 
amphibolitization that is typically present. Models 
have been presented to show that this difference in 
facies could be due to local variations in fH2O ( Bryhni 
et al. 1977; Green and Mysen 1972) and these mod- 
els have experimental support (Fry and Fyfe 
1969). However, our experience suggests that in situ 
metamorphism of the eclogites and their country 
rock has been followed by extensive deformation 
and retrograde metamorphism, involving relative 
movement (especially along eclogite /gneiss contacts) 
and introduction of water. The observed eclogites 
therefore, in this interpretation, represent relics of 
an earlier high- pressure regional metamorphism. 
Many eclogites have been completely retrograded to 
garnet amphibolites, and are recognizable only by 
the occasional relics of omphacite found as inclu- 
sions in garnet grains. Similar relict assemblages are 
also found in the gneisses. Omphacite relics occur in 
gneiss near the Ulsteinvik eclogite, and omphacite - 
pyroxene- garnet -K- feldspar -quartz -kyanite assem- 
blages occur in mangeritic rocks at several localities 
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(Mysen 1972; Bryhni 1966; Griffin and Mork 
1981). Krogh (1980a, b) has demonstrated in two 
localities that the metamorphic mineral assemblages 
of the gneisses are compatible with those of the 
associated eclogites. 
Field work on Otroy and Midoy, southwest of 
Molde has recently revealed rare examples of 
preserved `primary' eclogite /gneiss contacts, 
showing relations that not only imply the in situ 
metamorphism of some country -rock eclogites, but 
which give detailed evidence of the relative age 
relations in the gneiss complex there. 
Field Relations 
The islands of Midoy and Otroy (Fig. 1) expose sev- 
eral zones of eclogite boudins within a massive 
intermediate gneiss, mapped by Carswell (see Cars- 
well and Harvey 1984) as part of an `augen orthog- 
neiss complex'. This complex, which includes rocks 
with original rapakivi -type feldspar megacrysts and 
relict high -P granulite mineralogy, intrudes an older 
supracrustal sequence. Eclogites occur in elongate 
concentrations, resembling basic dyke swarms, 
within the complex (Carswell and Harvey 1984). We 
will discuss one locality in detail: Litledigerneset, 
map sheet 1220 III, series M711, coordinates 
521/769. Relations similar to those described here 
have also been observed at several other localities 
on OtrOy, Mid0y, and other islands to the west 
(Carswell unpublished; Mork and Griffin 
unpublished). 
The gneiss at Litledigerneset contains abundant 
feldspathic lenses 1 -5 cm thick and 10 -100 cm long, 
Augen Orthogneiss Complex 




which are isoclinally folded about a marked foliation 
(S1). The origin of these lenses is ambiguous. They 
may be anatectic segregations, formed during high - 
grade metamorphism of the gneiss, or they may be of 
essentially tectonic origin. In other localities on 
Otroy and Midoy, deformation of coarse -grained 
rapakivi -type structures (S,) has flattened feldspar 
megacrysts into elongate ovoid lenses. More 
extreme deformation locally results in coalescence 
and segregation of this feldspathic material into the 
cores of tight small -scale folds. The less strongly 
deformed augen gneiss on Litledigerneset point, 
between two main eclogite zones, does not have this 
`migmatitic' appearance. 
The eclogites at this locality, as elsewhere on 
Otroy and Midoy, occur in elongated zones of len- 
soid boudins, typically from 1 -20 m long and i -l() 
m across, enclosed in strongly flattened gneiss. The 
boudins are often bordered by zones of intense 
amphibolitization 1 -10 cm thick. Both the gneisses 
and the eclogites are cross -cut by coarse -grained 
granite pegmatites up to several decimetres thick. In 
the gneisses, these pegmatites are usually folded, 
stretched, and finally disrupted into trains of feld- 
spar and quartz augen, easily distinguishable from 
the feldspathic lenses mentioned above. Where the 
pegmatites cut the eclogites, they are bordered by 
decimetre -wide amphibolite zones. Some of the 
pegmatites within the eclogites show very little 
deformation, but others have developed a strong 
foliation parallel to their length. 
The Midoy locality is interesting because several 
of the eclogite boudins do preserve the original con- 
tact relations. In these cases the blastomylonitic foli- 
ation (S2) swings around the eclogite bodies in such a 
Fig. 1 Geological map of Otroy and Midoy 
IN SITU METAMORPHISM OF NORWEGIAN ECLOGITES: AN EXAMPLE 815 
way as to leave some of the surrounding gneiss rela- 
tively little affected by S,, in a `pressure shadow' 
area adjacent to the eclogite. These eclogites also 
have the form of irregular pods, but they are bor- 
dered by a 20 -60 cm zone of massive, fine -grained 
quartz -dioritic gneiss lacking the feldspathic lenses 
common in the rest of the gneiss. This zone grades 
outward into the `migmatitic' gneiss through the 
appearance of scattered coarser feldspathic lenses in 
the fine -grained matrix (Fig. 2). 
'.. ... -\1 .. .. ' ' ._ 
_ 
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Fig 2 Eclogite- gneiss contact relations, showing back -veining. (a) `Migmatitic' augen orthogneiss (right) grades into fine-grained quartz dioritic gneiss toward contact with eclogite (left) and material from the fine- grained zone intrudes eclogite as irregular veins. Contact outlined for visibility. (b) Similar relations to (a), but showing blastomylonite 
development in migmatitic gneiss outside the fine- grained quartz -dioritic zone 




Fig. 3 Irregular, zoned felsic veins in eclogite. Note absence of any amphibolitization along veins 
The contact between the fine -grained massive 
zone and the eclogite is generally sharp, but in sev- 
eral cases the former appears to intrude the eclogite 
in irregular veins 1 -50 cm thick (Fig. 2). These felsic 
veins, unlike the granite pegmatites, are not bor- 
dered by amphibolite (Fig. 3), but contain pyroxene, 
kyanite and garnet (see below). The fine -grained 
quartz -dioritic zone, the unretrograded eclogite, and 
the felsic veins in the eclogite are cut by a weak 
foliation. This foliation appears to be the same (S1) 
as that which is parallel to the axial planes of isocli- 
nal folds in the migmatitic gneiss. 
The field relations strongly suggest that the fine - 
grained quartz -dioritic zone and the veins in the 
eclogites were formed by local anatexis of the gneiss 
adjacent to the eclogites. We interpret this as an 
example of the `Sederholm effect' -melting of the 
country rock adjacent to the basic intrusion, and 
back -veining of the chilled basic magma by the 
anatectic melt. The relatively wide zone of melting 
suggests that the country rock was at rather high T at 
the time of intrusion. Comparable relations, in simi- 
lar rocks, have been described from the Raftsund 
mangerite in Lofoten (Griffin et al. 1974). 
Petrography and Mineral Chemistry 
The eclogites at Litledigerneset, where least 
amphibolitized, show a retrograded -eclogite mineral 
assemblage, consisting of garnet and symplectitic 
masses of clinopyroxene + plagioclase (An,,), with 
minor secondary hornblende. Quartz and rutile are 
locally present. The pyroxene -plagioclase symplec- 
tites are common in Norwegian eclogites and are 
widely recognized as the result of exsolution of the 
jadeite (Jd) component from high -pressure ompha- 
cite pyroxene, probably at lower pressure. The 
chemistry of this breakdown has been described in 
detail elsewhere (Mysen and Griffin 1973; Mysen 
1972). The larger grains in the pyroxene- plagioclase 
symplectites contain up to 20 per cent Jd (Table 1); 
the original pyroxene apparently contained ca. 50 
per cent Jd. The eclogite garnets are zoned to higher 
Fe /Mg at the rims, suggesting partial reequilibration 
at lower T (Table 1). Adjacent to the felsic veins, the 
eclogite may be enriched in garnet and /or biotite; 
the latter appears to have coexisted with both 
clinopyroxene and garnet. 
The thin (ca. 1.5 cm) anatectic veins, where not 
subjected to later amphibolitization, consist of 
quartz, K- feldspar (0r85Ab15), plagioclase (An;o-s), 
biotite, kyanite, garnet, and clinopyroxene. The 
clinopyroxene occurs in pyroxene + plagioclase 
symplectites texturally similar to those in the adja- 
cent eclogites. This symplectite occurs in patches 
that appear to be pseudomorphs after omphacite 
grains (Fig. 4). Microprobe analyses show that the 
cpx is a sodic augite with ca. 10% Jd (Table 1). 
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Fig. 4 Photomicrograph of sample G1, showing cpx + plag (P) symplectites, biotite + K- feldspar (K) + kyanite 
intergrowths and minor garnet (G) and quartz (Q) 
tents of 30 -40 per cent for the original omphacite. 
The presence of large homogeneous plagioclase 
grains, not in contact with symplectite, suggests that 
this pyroxene may have coexisted with plagioclase, 
but this is difficult to establish with certainty. 
Hornblende + plagioclase + quartz symplectites 
are common in samples that lack pyroxene, and 
appear to have formed by amphibolitization of pre- 
existing cpx + plag symplectites, or of primary 
omphacite. Biotite occurs mainly in skeletal or radial 
aggregates, intergrown with K- feldspar + quartz + 
kyanite. These are interpreted as pseudomorphs 
after phengite, according to the reaction: 




+ 12 -2x AI2SiO5 + 12 -2x KA1Si308 
Kyanite K- feldspar 
+ (12x- 12)Si02 + 12 -2x H2O 
Quartz 
Thicker veins commonly show a marked zoning, 
with dark outer zones and a felsic central zone. The 
adjacent eclogite is typically enriched in garnet and/ 
or biotite. The dark outer zones are similar in 
mineralogy and texture to the thinner veins, but with 
higher biotite contents. Again, much of the biotite, 
and all of the K- feldspar appear to be breakdown 
products of phengite flakes. The felsic cores contain 
a coarse -grained (1 -3 mm) equilibrium assemblage 
of gnt + kyanite + plag + qtz. Kyanite blades are 
commonly, but not always, separated from quartz by 
a collar of plagioclase grains. Biotite + kspar and 
cpx /hbl + plag intergrowths occur in some samples. 
The garnets are rich in Ca; they are typically zoned 
from ca. Gros,,,_.,; in the cores to Gros30_33 or less at 
the rims. Fe /Mg typically decreases rimward as well 
(Table 1). Plagioclase varies from ca. An28 to An,,,, 
with more calcic varieties (aver. An35) adjacent to 
the garnets. 
The fine -grained quartz -dioritic zones consist 
dominantly of antiperthitic plagioclase (An ,s_25) and 
minor quartz. The foliation is defined by dark 
green -brown hornblende and minor very dark 
brown biotite in ragged flakes. Small grains of garnet 
are common, and minor cpx was seen in one section. 
The fine -grained zone is thus depleted in K20 com- 
pared to the surrounding gneisses (Table 2), which 
contain abundant microcline and biotite, but rarely 
garnet or hornblende. This depletion is ascribed to 
removal of the anatectic melt now represented by 
the veins in the eclogites. 
Rock Chemistry 
One retrograded eclogite from Litledigerneset 
(U517) has a Ne normative composition, whereas 
the others are tholeiitic (Table 2). Similar, better - 
preserved eclogites elsewhere on Middy and Otr *y 
have the composition of olivine tholeiites (Carswell 
and Harvey 1984). 
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Analyses of two thin veins (one from ()troy), and 
three samples taken across a thicker one, are pre- 
sented in Table 3. Microprobe analyses have been 
made on glasses prepared by fusing rock powders on 
a Mo strip in an Ar atmosphere. Tests on standard 
rocks have shown that the method produces no loss 
of alkalies, and that the results are comparable in 
precision and accuracy with XRF data, for concen- 
trations > 0.5 per cent. 
One of the thin veins (U502), and the outer part 
of a thicker one, are granitic in composition. The 
other thin vein (G1) is more mafic; this vein has a 
diffuse margin, and appears to have been contami- 
nated by basic material, now represented by the 
eclogite. The other analyses show that the central 
parts of the zoned veins are higher in Al and Ca, and 
much lower in K, than the marginal zones. 
These relations suggest that originally granitic to 
quartz -monzonitic veins have interacted with the 
surrounding basic material. Mg has migrated into the 
veins, while K and Na have moved toward the vein 
margins. These variations are now seen as enrich- 
ment of clinopyroxene, phengite, and /or biotite in 
the vein margins, and of biotite and /or garnet in the 
















































































































XRF analyses by D. A. Carswell. 








SiO, 53.95 70.69 78.94 78.52 79.12 
TiO, 0.91 0.39 0.22 0.37 0.27 
AI303 18.50 15.67 10.82 12.40 12.30 
Fe,03 1.01 n.a. n.a. n.a. n.a. 
Feb 6.48 2.82 2.17 2.93 2.57 
MnO 0.16 0.0 0.0 0.0 0.0 
MgO 5.34 2.09 1.56 0.88 0.89 
CaO 5.30 1.78 1.48 2.60 2.13 
Na,O 3.83 2.84 1.86 1.26 1.58 
K,Ö 3.30 3.98 3.09 0.17 0.52 
P,O{ 0.49 n.a. n.a. n.a. n.a. 
Ñ,Ó= 0.88 n.a. n.a. n.a. n.a. 
100.15 100.25 100.13 99.14 99.53 
G1, wet -chemical analysis by B. Bruun. Other vein analyses by 







2 -cm wide irregular vein, abundant cpx + plag symplec- 
tite. 
2.5 -cm felsic vein, scattered large garnets, bio + kyan + 
ksp symplectite. 
20 -cm wide zoned fclsic vein. 
Mica -rich outer zone with rare garnets, bio + kyan + ksp 
symplectite. 
Outer part of central zone, with large gnt and kyanite 
grains. 
Central zone with gnt + kyan + plag + qtz, and minor 
hbl + plag symplectite. 
adjacent eclogite. The removal of K and Na from the 
centres of larger veins resulted in an excess of Al and 
the presence of abundant kyanite. These contamina- 
tion and differentiation processes may have occurred 
either during intrusion of the veins, or during later 
metamorphism. The relatively small size (20 -50 cm) 
of the zoned veins suggests small -scale, subsolidus 
diffusion; we therefore prefer the latter interpreta- 
tion. 
Metamorphic Conditions 
The original presence of the metamorphic 
omphacite + garnet + feldspar + quartz assemblage 
in the veins corroborates the field evidence that 
these veins were metamorphosed together with the 
surrounding eclogite. The vein assemblage may have 
included phengite at the metamorphic peak, or this 
phase have formed at an earlier stage of prograde 
metamorphism and broken down at high -T condi- 
tions. An accurate estimate of the metamorphic T is 
difficult, since no omphacite is preserved well 
enough to be considered in equilibrium with garnet. 
However, studies of eclogites on a regional basis 
have documented a metamorphic gradient across the 
Western Gneiss Region (Griffin et al. 1984), and 
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many of the data points are from the area around 
Middy. These data suggest that the temperature at 
the metamorphic peak here lay near 750 °C. 
The assemblage calcic garnet + plagioclase + 
kyanite + quartz is indicative of relatively high P, 
and several attempts have been made to calibrate 
the reaction: 
An = Gros + kyan + qtz (2) 
for P and T. We have used the calibration of Schmid 
and Wood (1976) and Wood (1977), with the value 
of cog suggested by Jenkins and Newton (1979) and 
yÁa = 1.28 (Orville 1972). This method gives results 
that are identical (within the probable error) to 
those obtained by the method of Ghent (1976). We 
have assumed that the rims of the analysed garnet 
(Gros31) equilibrated with the adjacent plagioclase 
(An35). This leads to P = 19 -21 Kb at 750 °C for the 
four samples of this assemblage (Table 1). This P 
estimate lies near the upper end of the P -T array for 
the eclogites of the Western Gneiss Region (Griffin 
et al. this volume) and is similar to the average P 
estimate (17 -18 Kb at 700 -750 °C) derived from 
orthopyroxene -bearing eclogites by Carswell et al. 
(this volume). An error of 50° in T leads to a posi- 
tively correlated error in P of ca. 1.5 Kb. This esti- 
mate, therefore, represents an independent confir- 
mation of the high pressures reached during the 
metamorphism of the Western Gneiss Region. 
The zoning of the garnets in the veins suggests 
growth during increasing T (reflected by a rimward 
decrease in Fe /Mg). The rimward decline in CaO 
could be interpreted as reflecting a moderate drop in 
P as T increased; England and Richardson (1977) 
predict such a thermal evolution for subducted or 
overthrust terranes. However, we have no evidence 
on the composition of the plagioclase that may have 
coexisted with garnet cores. It is therefore possible 
that the rimward drop in CaO seen in the garnets 
mainly reflects depletion of Ca from the coexisting 
plagioclase. 
Discussion 
The field relations described here, and the evidence 
of high -P mineral assemblages in the anatectic 
back -veins, clearly show that the eclogites and the 
surrounding gneiss have been metamorphosed 
together at high P and T (F1). Both gneiss and eclo- 
gite have suffered a later, lower -grade hydrous 
metamorphism, accompanied by extreme local flat- 
tening. (F2), boudinage, and local anatexis. The pre- 
servation of the eclogite and high -P granulite has 
depended heavily on the size of the eclogite bodies 
and the large difference in competence between the 
basic bodies and the more ductile gneiss. 
The Litledigerneset locality shows a rather 
detailed sequence of events. 
1. Formation of the host rock, probably as an 
intermediate plutonic intrusive. 
2. Intrusion of the basic magma, probably as dykes: 
marginal anatexis, back -veining of the dykes. 
3. Metamorphism at high T, P: development of S, 
foliation, `migmatization', either anatectic or tec- 
tonic, of orthogneiss, boudinage of basic dykes, 
formation of eclogite /high -P granulite mineral 
assemblages. 
4. Strong ca. N -S compression (ENE -WSW shear- 
ing): blastomylonite formation, further boudin- 
age of basic bodies, formation of coarse -grained 
granitic pegmatites around and locally cross- 
cutting the eclogite boudins. 
The oldest foliation that can be recognized is that 
which forms the axial plane to isoclinal folds in feld- 
spathic lenses in the gneiss (S,). This foliation is also 
found in the eclogites and in the fine -grained 
quartz -dioritic zone around the eclogites. 
If the feldspathic lenses in the gneiss represent 
deformed feldspar megacrysts, their absence from 
the quartz -dioritic marginal zones can be a result of 
with intrusion of the 
basic dykes. If these lenses were formed by anatexis 
during (F1) regional metamorphism they would not 
have formed in the quartz -dioritic zones, which were 
already depleted in granitic components. Thus we 
cannot be sure that the formation of these lenses 
post -dates the intrusion of the dykes; the sequence 
given here is the simplest that fits the observed rela- 
tions. 
Several workers (Bryhni et al. 1969; Green and 
Mysen 1972) have suggested that the formation of 
pegmatites by anatexis was important in lowering 
fH2o locally and thus promoting the formation of 
eclogites. The field relations at Litledigerneset show 
that on the contrary the granitic pegmatites there 
clearly post -date the high -grade metamorphic event. 
They have been important in introducing water, 
leading to amphibolitization of the eclogites. This 
retrograde step occurred either prior to, or during 
the latest intense deformation phase. 
Several of the steps in this sequence can be dated, 
at least tentatively, on the basis of available radio- 
metric data. The formation of the augen orthogneiss 
complex has been dated as 1478 ± 42 Ma by Rb -Sr 
whole -rock studies, along the strike from the present 
locality (Carswell and Harvey 1984). This agrees 
with U -Pb and Rb -Sr data from similar rocks in the 
Nordfjord area (Lappin et al. 1979; Malinconico 
personal communication). These ages are signifi- 
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candy younger than those on the surrounding supra - 
crustal rocks (1600 -1800 Ma: Torudbakken and 
Ilebekk in prepartion). 
The intrusion of the basic magma has not been 
dated directly, but is believed to have occurred soon 
after the intrusion of the orthogneiss complex, as 
discussed above. Torudbakken (1981) has obtained 
a Rb -Sr whole -rock age of 1517 ± 60 Ma on a par- 
tially eclogitized gabbro of similar composition, in 
the Trollheimen area. 
The high -P metamorphism may be dated by 
Sm -Nd ages of cpx + gnt pairs, which cluster tightly 
around 425 Ma (Griffin and Brueckner 1980; in 
preparation). U -Pb data on zircons from several 
Norwegian eclogites also indicate metamorphism in 
this time range (Krogh et al. 1974; Gebauer personal 
communication). Rb -Sr dates on micas and other 
phases from eclogites cluster in the period 
380 -430 Ma (Griffin and Brueckner in prepara- 
tion). It is not clear whether these ages are related 
only to cooling and uplift, or represent a real 
metamorphic episode -step (4) of the above se- 
quence. Similar Rb -Sr ages are given by mica + 
whole -rock pairs from various types of gneiss 
(Brueckner 1972; Krill and Griffin in preparation): 
Brueckner (1972) has given a biotite -rock Rb -Sr 
date of 396 Ma on a granite pegmatite cutting a 
retrograded (oliv + opx + chlor + amph) garnet 
peridotite on Gurskoy. Feldspar -mica pairs from 
similar dykes in eclogites yield ages as low as 355 Ma 
(Krill and Griffin in preparation), suggesting that 
intrusion and local deformation continued into 
Devonian time. 
These radiometric data suggest that all of the 
metamorphic events recognized at the Litlediger- 
neset locality occurred during the Caledonian 
orogeny, while the igneous protoliths date from the 
end of the Svecofennian period. This sequence of 
events is recognizable over larger areas of the West- 
ern Gneiss Region, wherever eclogites occur within 
massive or migmatitic orthogneisses. A 
metamorphic event older than step (1) may be rec- 
ognized where metasupracrustal rocks occur; we 
interpret this as a Svecofennian amphibolite -facies 
metamorphism. The garnets of eclogites in 
metamorphosed supracrustal rocks commonly con- 
tain inclusions of amphibolite -facies minerals 
(Bryhni et al. 1977; Krogh 1982) that may derive 
from this metamorphic event. 
The relations between gneiss and eclogite 
described here leave little doubt that the formation 
of the eclogites has occurred in situ. Other evidence, 
summarized by Bryhni et al. (1977) and Griffin et al. 
this volume) suggests that this conclusion is valid 
for many, if not all, of the eclogites in the Western 
Gneiss Region. This requires in turn that this edge of 
the Baltic Shield was depressed to depths of ca. 
60 -70 km, probably in a continent -continent colli- 
sion zone, during the Caledonian orogeny (Bryhni et 
al. 1977; Krogh 1977; Griffin et al. this volume; 
Cuthbert et al. 1981). 
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ABSTRACT 
Within the Western Gneiss Region of Norway. orthopyroxene- hearing eclogites 
occur as part of garnetiferous ultramafic rocks ('internal' or 'A' type) and as layers 
and lenses enclosed in gneisses ('external' or 'B' type). Calculation of metamorphic 
pressure -temperature conditions is complicated by apparent disequilibrium among 
orthopyroxene, clinopyroxene, and garnet. Garnets commonly show minor retro- 
grade Fe /Mg zoning, while in some external orthopyroxene eclogites, garnets are 
prograde zoned and preserve amphibolite facies mineral assemblages as inclusions. 
Orthopyroxene grains are commonly zoned from low Al in cores to maximum Al in 
rims in contact with garnet and clinopyroxene. Some orthopyroxene eclogites show 
phase intergrowths which may reflect exsolution from primary high Al pyroxenes, 
comparable to those found elsewhere in anorthosites or spine) peridotites. There is 
no evidence that these high -Al pyroxenes ever have coexisted with garnets; they 
are high temperature, but not necessarily high pressure, phases. The low Al con- 
tents of some orthopyroxene grain cores may reflect disequilibrium during pro - 
grade metamorphism. These low -Al compositions cannot be paired with particular 
garnet compositions as meaningful mineral equilibria. Hence the high pressure 
values (30 -50 Kbars) calculated for many orthopyroxene -garnet composition 
pairs are probably spurious. 
Calculated pressure- temperature conditions using maximum values of Al in 
orthopyroxenes, average: external orthopyroxene eclogites ca. 700- 740 °C, 17 -18 
Kbars; internal orthopyroxene eclogitesca. 710 °C, 20 Kbars; garnet Iherzolites,ca. 
725 °C, 20 Kbars. As similar pressure -temperature values have been calculated for 
associated granulite facies gneisses and orthopyroxene free external eclogites, it is 
considered that all of these rock types equilibrated together at high pressures. This 
may have occurred during a transient subduction event, prior to the extensive 
retrograde metamorphism which occurred during the ensuing uplift of these rocks 
towards the surface. 
Introduction 
The Gneiss Region of western Norway, extending 
from Bergen to Kristiansund, is a classic area for the 
study of eclogites. Within this area, two general 
types are commonly distinguished: 
1. `Internal' or Type A eclogites are layers or lenses 
enclosed within ultramafic rocks, sometimes 
garnet- bearing. The peridotites are dominated 
by the amphibolite facies assemblage olivine 
+ orthopyroxene + amphibole + chlorite, 
which overprints the garnetiferous assemblages 
(Medaris 1980). 
2. `External' or Type B eclogites are layers, lenses, 
and pods from centimetres to kilometres in size, 
enclosed within gneisses of both sedimentary and 
igneous origin. The gneisses locally contain relict 
high -pressure granulite assemblages, but are 
dominated by the amphibolite facies mineral 
assemblages that also overprint the eclogites. 
It appears obvious from field and petrographic 
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an early high -pressure metamorphic event, now 
largely obliterated by later amphibolite facies 
metamorphism. The nature, tectonic setting, and 
timing of the high -P metamorphism have been a 
matter of heated controversy for at least 50 years. 
One group (O'Hara and Mercy 1963; O'Hara 1967; 
O'Hara et al. 1971; Lappin 1966, 1974; Lappin and 
Smith 1978), regard the ultramafic rocks as tectonic 
slices of the subcontinental mantle, and have 
extended this interpretation to include the external 
eclogites. Others (Bryhni 1966; Bryhni et al. 1970, 
1977; Carswell 1974; Griffin 1972; Griffin and 
Róheim 1973; Krogh 1977a,b; Mysen and Heier 
1972; R$heim 1972) regard the external eclogites as 
an integral part of the gneiss terrane and implicitly 
or explicitly consider a dual origin: essentially in situ 
metamorphism of the external eclogites, and tec- 
tonic introduction of the ultramafic rocks and their 
associated internal eclogites. Recent geotectonic 
models relate both processes to limited transient 
subduction of the west Norwegian continental crust 
in a Himalaya -type collision belt, probably in an 
early stage of the Caledonian orogeny (Bryhni et al. 
1977; Krogh, 1977a; Cuthbert et al. 1983; Griffin et 
al. this volume). 
One approach to the resolution of this controversy 
is the determination of the P -T conditions involved 
in the metamorphism of both types. Garnet webster- 
ites are especially pertinent to this problem, since 
the assemblage orthopyroxene + clinopyroxene + 
garnet allows estimation of both P and T by com- 
parison with experimental work, assuming that these 
phases have equilibrated under metamorphism. 
Garnet websterites occur in both 'internal' and 
'external' situations in the Western Gneiss Region. 
Although these rocks contain clinopyroxene, they 
have traditionally been called `orthopyroxene eclo- 
gites', and we will follow this practice. `Internal' 
orthopyroxene eclogites may contain olivine and 
grade into garnet Iherzolites. 'External' orthopyrox- 
ene eclogites may contain quartz and rutile, as well 
as hydrous phases. 
Mineralogical data and P -T estimates for the 
internal orthopyroxene eclogites and garnet Iherzo- 
lites are summarized by Carswell and Gibb (1980a). 
and Medaris (1980). Data on external orthopyrox- 
ene eclogites are less extensive. Lappin (1974) and 
Lappin and Smith (1978) presented data from sev- 
eral bodies in the Selje area; they concluded that 
these originated deep in the upper mantle, and have 
been tectonically emplaced into the crust (AP -- 20 
Kbars). This paper presents data on a wider range of 
orthopyroxene eclogite occurrences, mostly of the 
external type. Special attention is paid to evidence of 
chemical disequilibrium and the difficulty of cal- 
culating meaningful P -T estimates for these rocks. 
The locations of the analysed samples are given in 
Griffin et al. (this volume), and field relations, pet- 
rography, etc. are summarized in Table 1. 
Mineral Chemistry 
Analytical techniques 
Mineral separates were analysed by D. A. Carswell 
at the University of Sheffield using a combination of 
atomic absorption, flame photometry, spec - 
trophotometric, and titration techniques. All other 
mineral analyses were by electron microprobe using 
either the ARL -EMX microprobe at Oslo (analysts: 
A. J. Krogh and W. L. Griffin) or the Microscan IX 
microprobe at Sheffield (analyst: D. A. Carswell). 
The Oslo analyses include both WDS and some EDS 
(LINK system, ZAF -4 reduction program) anal- 
yses; Sheffield analyses are all WDS data. Analyses 
of low -Al orthopyroxene standards are shown in 
Table 2. 
Microprobe point analyses of the primary mineral 
Table 2 Microprobe analyses of 'standard' orthopyro.xenes 
R 2537 R 1742 Shallow water 
Oslo nominal Oslo nominal Oslo nominal 
Si02 51.91 52.2 49.92 50.2 59.13 59.98 
A1203 1.78 1.8 (2.2) 1.40 1.1 (1.8) 0.11 0.13 
TiO2 0.11 0.1 0.12 0.1 
MgO 22.45 22.8 13.25 13.8 40.04 39.96 
FeO 21.91 21.3 32.97 33.3 
MnO 0.61 0.6 0.78 0.7 
CaO 0.54 0.6 0.69 0.6 0.09 0.10 
99.31 99.13 99.37 
Nominal values for R 2537, R 1742 are probe analyses by Howie and Smith (1966); wet chemical 
values in parentheses. Shallow water enstatite, probe analysis by K. Fredriksson (pers. comm. 1977). 
Oslo analyses done using ARL -EMX manual probe, mixed synthetic and natural mineral standards, 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































828 THE CALEDONIDE OROGEN- SCANDINAVIA AND RELATED AREAS 












































Si02 54.9 55.3 55.1 53.9 54.0 54.7 53.7 54.3 54.2 54.1 54.4 53.8 54.5 
TiO2 n.d. n.d. n.d. 0.03 0.03 n.d. n.d. n.d. n.d. 0.13 0.04 n.d. 0.08 
A1203 1.11 1.91 2.25 1.48 1.49 3.96 4.18 5.41 5.82 2.45 1.83 1.78 2.99 
Cr201 n.d. n.d. n.d. 0.15 n.d. n.d. 0.24 n.d. 0.28 n.d. n.d. n.d. n.d. 
Fe0" 5.01 4.65 4.06 5.56 4.18 5.63 5.78 4.51 4.59 4.09 4.20 4.16 3.88 
Mn0 0.11 n.d. n.d. 0.03 0.08 0.10 0.12 0.07 0.08 0.04 0.05 n.d. 0,08 
MgO 16.3 14.9 15.3 14.3 15.4 13.7 13.9 12.6 12.6 15.1 16.01 15.9 15.2 
CaO 22.8 22.1 22.3 21.8 22.7 18.6 19.1 19.2 19.1 21.6 23.1 22.6 21.1 
Na20 1.10 1.54 1.55 1.78 1.30 2.86 2.37 3.37 3.15 1.88 1.10 1.15 2.20 
Total 101.3 100.5 100.5 99.1 99.3 99.5 99.2 99.5 99.6 99.7 100.7 99.5 100.4 
Structural formulae O = 6 





























Ti 0.001 0.001 - - 0.004 0.001 - 0.002 
Cr 0.007 0.004 - - 0.008 0.011 
Fe 0.152 0.141 0.123 0.172 0.129 0.172 0.178 0.138 0.140 0.125 0.128 0.128 0.118 
Mn 0.003 - - 0.001 0.002 0.003 0.004 0.002 0.002 0.001 0.002 - 0.002 
Mg 0.879 0.807 0.824 0.790 0.845 0.744 0.759 0.683 0.686 0.823 0.867 0.872 0.821 
Ca 0.883 0.860 0.864 0.866 0.896 0.726 0.754 0.751 0.746 0.847 0.897 0.891 0.821 
Na 0.077 0.108 0.109 0.128 0.093 0.203 0.169 0.238 0.222 0.133 0.077 0.082 0.155 
Total 4.028 4.006 4.012 4.028 4.023 4.017 4.019 4.024 4.016 4.026 4.024 4.026 4.032 
'All Fe as FeO; analytically determined FeO contents in mineral separates are U19: 2.71 wt %, U47: 1.49 wt%, A44: 2.10 wt %. 
phases in many of the analysed samples have shown 
significant within -grain compositional variations. As 
the zoning is important to interpretations of the 
metamorphic evolution of these rocks, averages for 
both grain core and rim analyses are given in these 
instances (Tables 3 -7). 
Orthopyroxene compositional variability 
A1203 contents of orthopyroxenes are crucial to the 
calculation of equilibration pressures for these rocks 
but often vary significantly within single grains. Our 
observations indicate that the A1203 content of the 
orthopyroxene is typically highest adjacent (20 -50 
pm distance) to garnet grains and appreciably lower 
in the cores of grains and adjacent to clinopyrox- 
enes. Secondary amphibolitization in some of the 
orthopyroxene eclogites results in a notable decrease 
in the A1203 contents of both orthopyroxenes and 
clinopyroxenes. Inclusions of pyroxenes within gar- 
nets, which are shielded from the effects of secon- 
dary amphibolitization, typically have higher A1203 
contents than matrix pyroxene grains. In Table 3 
several different orthopyroxene analyses are given 
for most samples. In most instances we have elected 
to give analyses with both maximum and minimum 
A1203 contents in addition to an `average' analysis, 
that is probably not very meaningful. 
Lappin and Smith (1978) reported very low values 
for Al2O3 (0.24 -0.65 wt. per cent) in orthopyrox- 
enes from a number of orthopyroxene eclogite 
lenses directly enclosed in gneisses. However, our 
A1203 determinations have indicated a much wider 
range (0.28 -2.58 wt. per cent) for the orthopyrox- 
enes of such bodies. It is of particular interest to 
compare our various analyses for orthopyroxenes in 
samples from the Grytingvág locality with the mic- 
roprobe determination of 0.39 wt. per cent A1203 
given by Lappin and Smith (1978). This latter value 
lies within our microprobe- determined ranges of 
0.38 -0.78 wt. per cent (sample KR5- analyst: 
Krogh, Oslo microprobe) and 0.35 -0.68 wt. per 
cent (sample A44 -analyst: Carswell, Sheffield mic- 
roprobe). However, it is clearly more in line with the 
values that we have measured in orthopyroxene 
grain cores (or rims adjacent to clinopyroxene or 
amphibole) than with the higher values of 0.78 wt. 
per cent (Krogh) and 0.68 wt. per cent (Carswell) 
for orthopyroxene rims adjacent to garnets. Like- 
wise in other orthopyroxene eclogites the values for 
A1203 in orthopyroxenes given by Lappin and Smith 
(1978) are much more comparable to our determi- 
nations for grain cores than for rims adjacent to gar- 
nets. Our microprobe studies thus suggest that 
equilibrium between orthopyroxene, garnet, and 
clinopyroxene has been attained over very short dis- 



















54.2 55.1 54.9 54.8 
TiO2 
0.20 n.d. n.d. n.d. 
41203 3.22 4.04 3.29 3.10 
Cr2O3 0.33 1.67 n.d. n.d. 
Feo' 3.67 1.12 2.06 1.93 
N1n0 0.08 0.10 n.d. n.d. 
MgO 15.3 15.2 16.2 15.9 
CaO 20.0 20.8 21.6 21.4 
Na20 2.54 2.45 2.30 2.33 
Total 99.7 100.5 100.3 99.5 
1.976 1.973 1.975 1.986 
,11t\ 0.024 0.027 0.025 0.014 
.alvi 0.114 0.143 0.115 0.118 
Ti 0.005 - - - 
Cr 0.010 0.047 - - 
Fe 0.112 0.034 0.062 0.058 
In 0.002 0.003 - - 
Mg 0.830 0.810 0.868 0.857 
Ca 0.780 0.796 0.831 0.832 
Na 0.180 0.170 0.160 0.164 






















A A A 
44-1 44-2 44-3 
Min. 
Cores Rims sep. 
A A 
45 -1 45 -2 U80/19 
Not 
Cores Rims zoned 
55.1 55.3 55.4 54.7 55.2 55.1 54.0 
n.d. 0.34 0.03 0.12 0.02 0.04 0.17 
2.94 2.96 2.50 2.72 1.82 2.22 1.43 
0.20 0.26 0.18 0.18 0.11 0.10 n.d. 
3.50 3.07 3.32 2.76 2.16 2.24 3.65 
0.08 0.03 0.03 0.04 0.01 0.00 0.10 
15.5 14.9 15.2 16.7 16.0 15.7 16.3 
21.4 20.9 21.2 20.2 22.6 22.3 22.7 
1.80 2.06 1.86 2.13 1.31 1.36 1.20 
100.5 99.8 99.7 99.6 99.4 99.1 99.6 
Structural formulae O = 6 
1.970 1.993 1.987 
0.030 0.007 0.013 
0.130 0.136 0.112 
0.007 - - 
0.010 0.005 0.006 
0.075 0.103 0.106 
0.002 0.003 0.002 
0.865 0.797 0.834 
0.766 0.819 0.825 
0.165 0.138 0.126 
























































'All Fe as FeO; analytically determined FeO contents in mineral separates are U19: 2.71 wt %, U47: 1.49 wt %, A44: 2.10 wt %. 
tances at best. This being the case, it is clearly impor- 
tant to calculate P -T values, based on element dis- 
tribution considerations, on analyses of adjacent 
grain rims rather than the grain cores. 
A1,03 contents determined in orthopyroxene bulk 
mineral separates are invariably higher (as are the 
Ca0 contents) than in microprobe determinations 
for the same sample. Values determined for example 
on an orthopyroxene mineral separate from the 
Grytingvóg eclogite are 0.82 wt. per cent A1203 and 
0.63 wt. per cent CaO, which compare closely with 
the values of 0.90 wt. per cent A1203 and 0.55 wt. 
per cent CaO independently determined by Green 
(1969). These significantly higher values undoub- 
tedly reflect minor contamination by both garnet 
and clinopyroxene. Certainly this is the case in the 
orthopyroxene of sample U19. The contents of 6.66 
wt. per cent A1203 and 2.15 wt. per cent CaO in the 
orthopyroxene separate reflect the presence of 
abundant small inclusions of both garnet and 
clinopyroxene, which prohibit preparation of a pure 
orthopyroxene separate. 
Sample U47 is the only one with a notably por- 
phyroclastic texture. A1203 contents are low in both 
the large strained porphyroclasts (0.15 wt. per cent) 
and the much smaller recrystallized grains (0.38 wt. 
per cent), but none the less significantly higher in the 
latter. 
Clinopyroxene compositions (Table 4) 
Unlike the orthopyroxenes these show little in the 
way of significant within -grain compositional varia- 
tion of A1203 content. There is no consistent varia- 
tion in the Na20 content between grain cores and 
rims, so that Jd contents are fairly uniform. Similarly 
there is a little significant difference between the 
analyses of the large clinopyroxene porphyroclasts 
and smaller recrystallized grains in sample U47. 
Garnets and KóF 
MPB 
values 
The metamorphic evolution of eclogite facies 
assemblages is often conveniently monitored by 
changes in Fe'-Mg2+ partitioning between the 
coexisting garnets and clinopyroxenes -usually 
expressed by KD = (Fe2 + /Mg2+ garnet) /(Fe2 
+ /Mg2+ 
clinopyroxene). KD values are strongly temperature 
dependent (Banno 1970) but are also influenced by 
pressure and compositional factors, notably the Ca 
content of the garnet ( Róheim and Green 1974; 
Ellis and Green 1979). The appreciable corn- 
positional zonation observed in eclogite minerals 
from the Nordfjord and Sunnfjord regions (Bryhni 
and Griffin 1971; Bryhni et al. 1977 Krogh 1977a, 
1980a, 1982) provides a convincing record of the 
prograde metamorphic history suffered by these 
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(6.1)(6.7) (75)HBL HBL HBL (7.5) 









Fig. 1 Zoning profiles across garnet grains in two orthopyroxene bearing eclogite bodies. (a). Kvalneset, orthopyroxene 
eclogite, sample KR2A (IB -14,). (b) Sandviknes, quartz eclogite, sample V80/33. Note radial variation in inclusions 
and KD 
rocks. This evolution is further documented by the 
existence of amphibolite facies inclusion suites in the 
cores of many eclogite garnets (Bryhni et al. 1977; 
Krogh 1982). 
The compositional zonation of the garnets in the 
orthopyroxene eclogites is not usually so pro- 
nounced (Table 5). The most extreme prograde 
zonation that we have observed occurs in sample 
KR2A from Kvalneset (Fig. 1) in which the Fe /Mg 
of the garnet (with all Fe taken as Fe') decreases 
from 1.81 (cores) to 1.08 (rims). Comparison with 
the coexisting clinopyroxene suggests that the zoning 
represents a decrease in Kt, from 10.3 to 7.3 as the 
garnets grew. A less extreme example, from the 
Sandviknes body described by Lappin and Smith 
(1978), is shown in Fig. 1B. More typically, any sig- 
KR KR 








KR KR KR 
3 -1 3-2 4-1 





























39.4 38.1 39.6 40.0 
n.d. 0.17 0.09 n.d. 
22.9 22.3 22.4 23.2 
n.d. 0.30 0.19 n.d. 






n.d. 1.17 0.75 1.39 1.32 0.65 
11.4 7.27 10.9 13.3 11.9 14.1 
4.30 6.17 5.43 3.67 3.90 4.32 
100.0 100.9 101.2 99.8 99.6 99.5 
2.947 2.987 2.966 
0.053 0.013 0.034 
1.983 2.019 2.002 
1.273 1.648 1.384 
0.036 - - 
1.325 0.913 1.283 
0.416 0.418 0.347 











Structural formulae O = 12 
2.968 2.975 2.981 
0.032 0.025 0.019 
1.947 2.013 2.016 
0.005 - - 
0.011 - - 
1.366 1.139 1.252 
0.048 0.088 0.084 
1.218 1.474 1.335 
0.436 0.293 0.314 





























40.1 40.2 39.9 39.5 40.8 
n.d. 0.08 0.02 n.d, 0,04 
22.9 23.1 21.8 22.0 22.8 
n.d. 0.21 n.d. n.d. 0.46 
19.0 19.0 18.5 18.1 13.3 
0.84 0.68 0.82 n.d. 0.79 
12.5 13.9 13.1 13.2 17.5 
4.43 3.98 5.66 5.63 4.22 
99.8 101.2 99.9 98.5 99.9 
2.993 2.959 2.988 2.982 2.970 
0.007 0.04 0.012 0.018 0.030 
2.011 1.962 1.915 1.946 1.925 
























*All Fe as FeO; analytically determined FeO contents in mineral separates are: U19: 11.99 wt %, U47: 8 .17 wt %, A44: 13.15 vit % 
NORWEGIAN ORTHOPYROXENE ECLOGITES: CALCULATED EQUILIBRATION CONDITIONS 831 
nificant zoning is of a retrograde nature and is con- 
fined to narrow zones at the grain rims. Retrograde 
zoning also appears to be the norm in the 
orthopyroxene eclogites enclosed within the perido- 
tite bodies (see Medaris 1980). 
'Primary' amphiboles and micas 
The primary or secondary status of the amphiboles 
and micas in these eclogites is often enigmatic from 
textural evidence alone. Some grains of these miner- 
als are in apparent textural equilibrium with the 
primary anhydrous eclogite facies phases (garnets 
and pyroxenes) or occur as inclusions within these 
minerals. Other grains (even in the same rock) show 
obvious replacement relationships. While the latter 
are undoubtedly secondary, in the sense that they 
post -date and replace the primary eclogite facies 
mineral assemblages the former would appear to be 
primary. This is especially obvious in the case of 
hornblende inclusions in the cores of garnets, which 
apparently are relicts of pre -eclogite amphibolite 
assemblages (Krogh 1982). However, Lappin and 
Smith (1978) considered them to have developed 
later than the primary anhydrous eclogite facies 
assemblage and referred to such hydrous phases as 
'early' rather than primary. 
Like Lappin and Smith (1978) we have found it 
impossible to distinguish on chemical grounds be- 
tween the `primary' (or 'early') amphiboles in these 
primary garnets 
rocks and the undoubted secondary replacement 
amphiboles (Table 6), as both show wide composi- 
tional ranges, especially in their A1203 and Na20 
contents. It seems reasonable to expect that different 
generations of amphibole may have similar composi- 
tions if they formed under similar P -T conditions on 
either the prograde or retrograde metamorphic 
paths (Krogh 1982). However, amphiboles replacing 
garnet clearly have higher A1,03 contents than those 
replacing pyroxenes. 
The pale brown micas in these rocks all appear to 
be Ti -rich phlogopites, regardless of their textural 
relationships. Primary phengitic micas were not 
found in these particular rocks and appear to he 
restricted to more aluminous eclogites (Krogh and 
Ráheim 1978; Lappin and Smith 1978; Krogh 
1980a). 
Secondary pyroxenes (Table 7) 
Breakdown of the primary garnet -clinopyroxene 
assemblage in the Hjorungav$g orthopyroxene eclo- 
gite, according to reactions (a) and (b) listed in 
Table I, results in the development of a secondary 
labradoritic plagioclase (Án51_63). The secondary 
orthopyroxene has a higher Fe /(Fe +Mg) ratio and 
an A1203 content similar to the minimum value 
recorded in the primary orthopyroxene grains. 
Breakdown of the garnet + quartz assemblage 









































































































































40.3 40.9 40.8 40.4 
n.d. n.d. n.d. 0.02 
22.5 22.5 22.5 22.5 
0.25 0.27 0.23 0.38 
18.3 16.5 16.9 16.3 
0.61 0.57 0.41 0.38 
14.7 15.6 15.0 15.4 
4.28 4.23 4.19 4.23 
100.9 100.5 100.1 99.7 
Structural formulae O = 12 
2.969 2.993 3.002 2.982 
0.031 0.007 0.000 0.018 
1.922 1.936 1.955 1.940 
0.001 
0.014 0.016 0.013 0.022 
1.127 1.010 1.042 1.008 
0.038 0.035 0.026 0.024 
1.609 1.699 1.646 1.698 
0.338 0.332 0.330 0.334 
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Table 7 Analyses of phases in reaction coronas 
Sample KR KR KR KR KR KR KR KR KR 
No. 3 3 3 3 3 3 3 3 4 
Phase cpx opx cpx amph amph amph amph opx opx 
II 11 II IIA IIB IIA IIB ll ll 
Reaction type 
(see text) 





















A120, 2.47 0.79 3.89 7.58 13.2 6.20 14.4 0.69 0.75 
Fe0 7.37 16.8 7.40 7.75 9.03 6.52 8.30 18.4 14.6 
hlnO 0.16 0.29 0.14 0.17 0.17 0.14 0.15 0.44 0.20 
s1g0 14.6 26.5 16.2 18.7 17.0 20.0 16.7 25.3 28.3 
CaO 19.2 0.36 18.4 11.0 11.3 10.4 10.6 0.10 0.20 
Na20 0.94 n.d. 0.85 1.34 2.25 1.27 2.52 n.d. 0.20 
Total 99.8 99.7 99.6 97.5 97.6 97.7 98.2 100.2 99.6 
and Kvalvág samples gives secondary orthopyrox- 
enes of similar composition coexisting with oligo- 
clase (An2 -,9). 
Pressure -Temperature Estimates 
A number of experimentally calibrated mineralogi- 
cal geothermometers /barometers based on element 
partition relationships are now available; together 
they allow calculation of absolute P -T estimates for 
the equilibration of garnet + orthopyroxene + 
clinopyroxene assemblages. Extensive discussions of 
these methods exist in the literature (Carswell 1980; 
Carswell and Gibb 1980a, b; Carswell and Griffin 
1981) mainly in connection with their application to 
garnet lherzolite assemblages. From these considera- 
tions it appears that either the Wells (1977) `best fit' 
calibration of the two -pyroxene solvus geother- 
mometer or the Ellis and Green (1979) calibration 
of the KóFte 
MR geothermometer, used in conjunc- 
tion with the garnet -orthopyroxene geobarometer 
of Wood (1974), can be expected to yield the most 
reliable P -T estimates for orthopyroxene eclogite 
assemblages. There are nevertheless problems with 
the application of both geothermometers to these 
particular rocks. The two -pyroxene solvus geother- 
mometer is relatively insensitive below about 
1000 °C and use of the K gFe MX geothermometer is hampered by lack of knowledge of the 
Fee + /(Fe2' + Fe'') ratios in the minerals in the case 
of microprobe analyses. However, the two indepen- 
dent methods do at least provide a cross check on 
the temperature estimates. 
Our calculated P -T estimates for the various 
orthopyroxene eclogite samples analysed by us or 
reported in the literature are given in Table 8. In the 
case of the Ellis and Green /Wood combination 
alternative P -T values are given, depending on 
whether (a) all Fe is taken as Fe' in both garnets 
and clinopyroxene, (b) Fe' calculated on a charge 
balance basis (Neumann 1976) is excluded from the 
Ko calculation, or (c) Kp calculation is based on Fe' 
values determined in mineral separates. 
For the majority of samples there is reasonably 
good agreement between the P -T values given by 
the Wells /Wood and Ellis and Green /Wood combi- 
nations, especially when all Fe is taken as Fe' in the 
latter case (Table 8). However, in certain instances 
the Ellis and Green /Wood combination yields much 
higher P -T estimates. For these samples the corres- 
pondence with the Wells /Wood values is consider- 
ably improved if wet -chemical Fe' values are used 
in the K calculation. On the other hand the Ellis 
and Green /Wood values which exclude calculated 
Fe" contents from the Ko calculation are rather 
erratic. Calculation of the Fe'/(Fe'+Fe') ratio in 
these magnesian garnets and clinopyroxenes is 
apparently too sensitive to analytical errors (notably 
in Si02) to yield consistently reliable results. The 
Wells /Wood values for mineral separates tend to be 
higher than those based on microprobe analyses of 
the same sample. Even very small amounts of con- 
tamination in pyroxene mineral separates (or the 
existence of exsolution lamellae) will result in 
erroneously high temperature estimates from the 
two -pyroxene solvus geothermometer. 
The profound influence that intrasample varia- 
tions in orthopyroxene composition have on the P -T 
estimates is also illustrated in Table 8. In the case of 
the Wells /Wood values only the P value is affected 
as this has been obtained after calculation of the T 
by the Wells (1977) geothermometer. However, 
with the Ellis and Green /Wood combination both 
the T and P values are affected, and decrease as the 
A1203 contents of the orthopyroxene increase, since 
these values were obtained by simultaneous solution 
of the two P -T dependent equations. In several of 
Table 8 P -T estimates for Norwegian orthopyroxene eclogites 
Sample 







all Fe as Fee* calc. Fea+ excl. analyz. Fea* excl. 






























KR Max. Al opx against gnt 
6 Min. Al opx in cores 
KR Grain cores 
2A Grain rims 
Grain rims 
KR Max. Al opx 
2B Grain cores 
Min. Al opx 
Min. Al opx 
Gnt & cpx cores 
KR Max. AI opx 
3 Gnt & cpx rims 
Aver. Al opx 
Gnt & cpx cores 
Min. Al opx 
Gnt & cpx cores 
KR Max. Al opx 
4 Gnt & cpx rims 
Aver. Al opx 
Gnt & cpx cores 
U Unzoned 
206 minerals 
U Large opx 
243 Opx inc. in gnt 
Min. Al opx 
U Max. Al opx 
19 Aver. Al opx 
Min. separates 
KR I Opx rims adj. gnt 
5 
Gnt & cpx rims 
Grain cores 
Grain cores 
A Opx rims adj. gnt 
44 Gnt & cpx rims 
Min. separates 
2539 Min. separates 
Min. sep. analy. 
8G except Ca & AI 
I. in opx 
D Aver. probe 
171 Anal. 
C Aver. probe 
411 Anal. 
66/87/ Aver. probe 
11 Anal. 
127 Aver. probe 
M Anal. 
High Al opx 
V80 /19 Gnt rims 
Low Al opx 
Gnt cotes 
Min. Al opx 
U Max. Al opx 
95 Aver. Al opx 
Min. separates 
U Opx & cpx clasts 
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Table 8 (continued) 





T °C P Kbars T °C K Bars T °C P Kbars 
TC P Kbars Ellis & Ellis & Ellis & 




6912 J Aver. probe anal. 
6095 ( Aver. probe anal. 
Grain cores 
Grain rims 




722 23.9 714 23.4 





















'All Fe taken as Fee+ in KD calculation 
Calculated Fe3+ excluded from KD calculation 
;/CD calculation excludes Fes* indicated by analytical Fe'' determination 
Data references: 1 -This paper 
2 -Green (1969) 
3- Lappin and Smith (1978) 
4- Carswell (1973) 
5- Lappin (1974) 
6- Medaris 1980 
7- O'Hara and Mercy (1963) 
our analysed samples orthopyroxenes have highest 
AI,O, contents adjacent to garnets, and the lower 
P -T estimates yielded by such analyses (calculated 
in conjunction with garnet and clinopyroxene rim 
analyses) are probably the most appropriate to the 
garnet + orthopyroxene + clinopyroxene assemb- 
lages. 
We have underlined in Table 8 those P -T values 
which we judge from the foregoing considerations to 
give the `best' indication of the actual equilibration 
conditions for the primary eclogite facies assemb- 
lages in these rocks. For the orthopyroxene eclogites 
directly enclosed in the gneisses these values range 
from 674 -853 °C and 8.4 -27.9 Kbars (mean values 
743 °C and 18.2 Kbars) with the Wells /Wood com- 
bination and from 653 -786 °C and 10.6 -26.3 Kbars 
(mean values 737 °C and 18.6 Kbars) with the Ellis 
and Green /Wood combination, assuming all Fe as 
Fee+ in the KD calculation. 
Although the ranges for the different samples are 
considerable the mean values given by these differ- 
ent calculation procedures are remarkably close. 
This may be fortuitous, as taking all Fe as Fez+ in 
KD yields P -T estimates, using the Ellis and Green/ 
Wood pair, which are effectively maxima for this 
particular method. We consider the somewhat lower 
values, ranging from 674 -736 °C and 12.5 -20.3 
Kbars (mean values 698 °C and 17.0 Kbars) and 
which utilize KD based on analytically determined 
Fez+ values, to be more accurate. We suspect that 
the variation in P -T estimates between the different 
analysed orthopyroxene eclogite samples essentially 
reflects analytical errors, Fe? -Fe3+ uncertainties, or 
disequilibri.um effects. These data cannot be used to 
demonstrate any regional P -T variation over the 
SunnmOre- Romsdal- Nordmore area even though 
such a gradient is apparent in data from other types 
of eclogites (Krogh 1977a,b; Griffin et al. this vol- 
ume). 
Our 'best' estimates for the equilibration condi- 
tions of the 'external' orthopyroxene eclogites 
(Table 8) are substantially lower than the equivalent 
estimates of 700 -850 °C and 30 -45 Kbars given by 
Lappin and Smith (1978) for their 'Regime B'. The 
differences arise partly from the fact that they used 
the obsolete Wood and Banno (1973) calibration of 
the garnet -orthopyroxene geobarometer instead of 
the improved Wood (1974) calibration, and partly 
from the lower analytical values for Al203 in the 
orthopyroxenes given by Lappin and Smith (values 
which in our experience do not represent equilib- 
rium with garnet.). 
We have also calculated T values for gar - 
net-phlogopite in the three samples containing 
apparently primary mica, using the data of Ferry and 
Spear (1978). Assuming P = 17 Kbars, these temp- 
eratures are: U206, 855 °C; U19, 789 °C; A45, 
690 °C. The value for A45 is within the range of 
other estimates, while the other two are considerably 
higher. Errors may well result from failure to take 
account of the influence of the significant TiO2 con- 
tents in the micas on KF,"`M8. 
Olivine -free `internal' orthopyroxene eclogites, 
enclosed within the west Norwegian peridotite 
bodies, are rare and P -T estimates for these, based 
on currently available data (Table 8), present a 
somewhat more confused picture (especially as sam- 
ple U47 yields consistently high values). We have 
again underlined those P -T values that we judge to 
be the `best' indication of the eclogite facies equilib- 
ration conditions. These P -T estimates range from 
608 -761 °C and 13.0 -28.1 Kbars for the different 
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methods, with overall mean `best' values of 707 °C 
and 20.4 Kbars. 
When realistic allowances are made for errors in 
the various P -T estimates, we feel justified in con- 
cluding that the eclogite facies assemblages in both 
the `internal' and `external' orthopyroxene eclogites 
equilibrated in similar P -T regimes. Our preferred 
mean P -T estimates for the West Norwegian garnet 
lherzolite assemblages are likewise closely similar at 
726 °C and 20.3 Kbars, although again this disguises 
a substantial range of estimates (651 -834 °C and 
11.3 -31.8 Kbars) for individual samples. These 
estimates for the garnet lherzolite assemblages are 
slightly lower than those given recently by Carswell 
and Gibb (1980a). This is the result of incorporation 
of additional data, provided by the new experimen- 
tal calibrations for KóFe Mg and for KóFte Mg (Ellis 
and Green 1979); O'Neill and Wood 1979, 1980), 
and the use of analytically determined 
Fe'' /(Fez + +Fe' +) ratios in the calculations. 
Discussion 
Prograde metamorphism of external eclogites 
There is abundant evidence that many of the 'exter- 
nal' or Type B eclogites of the Western Gneiss Reg- 
ion have formed through prograde metamorphism of 
crustal rocks (see summaries by Bryhni et al. 1977; 
Griffin et al. this volume). The evidence includes (1) 
observation of partial to complete eclogitization in 
rocks of demonstrably low -P origin (sediments, 
anorthosites, gabbros, dolerites); (2) preservation of 
relict amphibolite facies mineral assemblages in the 
garnet grains of many eclogites; (3) marked pro - 
grade zoning in eclogite minerals; and (4) a regional 
gradient in the maximum T calculated from KDF`e n;s, 
reflecting increasing grade of metamorphism toward 
the W and NW. Maximum P -T conditions are esti- 
mated at 750 -800 °C, 16 -18 Kbars (Krogh 1977; 
Griffin et al. this volume; this paper). 
In the high -grade part of this regional gradient, 
homogenization appears to have occurred in both 
garnets and clinopyroxenes. Prograde zoning is gen- 
erally found only in coarse- grained rocks, while 
many samples show some retrograde zoning near 
grain contacts. Most of the external orthopyroxene 
eclogites in this study are from this high -grade area, 
and show only minor retrograde zoning. However, 
some evidence of prograde metamorphic evolution 
is found locally. As noted above (see Fig. 1), pro- 
grade zoning is obvious in the minerals of the Kval- 
neset orthopyroxene eclogite, suggesting an increase 
in T, and presumably of P, with time. 
The `Sandviksnes' orthopyroxene eclogite at 
Arheimneset on Stadlandet has been described by 
Lappin and Smith (1978), who considered it to be a 
mantle derived fragment. A restudy of this strongly 
layered body shows layers of coarse -grained (1 cm) 
clinopyroxene + garnet + quartz eclogite, in which 
the garnets show a clear prograde zoning (Fig. 1B). 
The cores contain abundant euhedral hornblende 
inclusions; the rims contain only omphacite inclu- 
sions (aver. Jd25Acm7Ts1). KDFte- 
MPB 
calculated for 
clinopyroxene inclusions and adjoining garnet 
declines from 7.5 to 6.1 across the outer rim. The 
lowest Kr) implies a T of ca. 675° at an assumed P of 
18 Kbar, and is thus compatible with the calculated 
T for the orthopyroxene eclogite in the same body 
(Table 7). The zoning, and the preservation of horn- 
blende grains in the garnet cores (none is seen in the 
matrix) of this layer, strongly suggest that the 
orthopyroxene -bearing layers of this body also have 
had a crustal, prograde history. 
Disequilibrium model 
As noted above, most of the orthopyroxene eclo- 
gites, both internal and external, show a minor 
retrograde zoning (Fe /Mg of garnet increasing 
toward the rim, Fe /Mg of clinopyroxene decreasing), 
suggesting a partial adjustment to declining T. Many 
also show a marked zoning in A1203 content of the 
orthopyroxene, from low values in grain cores to 
high values near garnet. These two trends could be 
interpreted as reflecting large drops in P, together 
with modest drops in T (as, for example, in the 
`internal' garnet pyroxenites studied by Medaris 
(1980)). 
However, it is not necessary to postulate a variety 
of tectonic /metamorphic histories to reconcile these 
data with the (apparently conflicting) evidence for 
prograde metamorphism of other eclogites. There is 
abundant evidence that disequilibrium was common 
during the eclogite- forming event in western Nor- 
way; the existence of zoned minerals and relict inclu- 
sion assemblages is in itself such evidence. Partial 
reaction to eclogite (corona structures) is common in 
the basic rocks of the region (Griffin and Heier 
1973). Several examples are known of gabbros in 
which apparently unmetamorphosed portions alter- 
nate with completely eclogitized zones, and in which 
the gabbro textures are pseudomorphed by garnet 
and omphacite (Mork in prep.; Torudbakken 1981; 
Cuthbert 1981). 
We can suggest two ways in which disequilibrium 
during prograde metamorphism could produce the 
commonly observed zoning of orthopyroxene from 
low -Al cores to high -Al rims. 
1. The orthopyroxene + clinopyroxene + garnet 
assemblage forms at relatively low T (and P), 
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where the orthopyroxene in equilibrium with 
garnet would have low Al. During a relatively 
rapid T increase, AI equilibrates slowly corn - 
pared to equilibration of Fe /Mg between 
clinopyroxene and garnet. 
2. The orthopyroxene cores are relics from a 
lower -P, T assemblage, such as orthopyrox- 
ene + amphibole ± chlorite. Such rocks are seen 
in lower -grade parts of the area and as retrograde 
assemblages in the high -T part. With increasing 
metamorphic grade this assemblage would react 
to orthopyroxene + clinopyroxene + garnet, but 
the original low -Al orthopyroxenes might not 
equilibrate with the new assemblage, especially in 
coarse- grained rocks. 
In either case, the use of the low -Al orthopyrox- 
ene core compositions to calculate P,. after T has 
been calculated from the garnet -clinopyroxene pair, 
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Fig, 2 Ko and Al° x isopleths for Grytingvâg eclogite, 
calculated from relations of Ellis and Green (1979) and 
Wood (1974). Path A -B -C is a possible regional P -T 
development derived for the West Norwegian eclogites by 
Krogh (1977a). Assume that (1) low -Al cores of 
orthopyroxenes formed in equilibrium with amphibole + 
chlorite ± clinopyroxene at T < 600 °C, (2) this assemb- 
lage reacted to opx + cpx + gnt at higher T, and (3) 
equilibration of Al between cpx and gnt lagged behind 
equilibration of Fe /Mg between cpx and gnt. When rock is 
at C, opx has A1203 content appropriate to, for example, 
B. Uplift is accompanied by minor retrograde readjust- 
ment of Fe /Mg to D. Calculated P/T conditions will be: E 
for cores of opx + cpx + gnt; F for rim opx + core cpx 
+ core gnt; G for rims of all phases. E -F and E -G illus- trate the types of spurious P -T paths that might be deduced from particular combinations of mineral composi- 
tion data 
eral, the use of the core compositions from zoned 
grains to calculate P -T must be regarded with suspi- 
cion, unless other evidence can show which of these 
compositions originally were in mutual equilibrium. 
In our view, the use of such data has misled Lappin 
and Smith (1978) to propose (erroneously) a very 
high -P origin for the orthopyroxene eclogites. 
Origin of orthopyroxene eclogites 
Most orthopyroxene eclogites, unlike the Sand - 
viknes and Kvalneset bodies discussed above, retain 
no structural or textural clues to the nature of the 
protolith. Many of the 'external' orthopyroxene 
eclogites may be high -pressure equivalents of the 
Mg(- Al -Si) rich rocks found in lower -P gneiss ter - 
ranes as cordierite + anthophyllite assemblages. It is 
striking that all analysed external orthopyroxene 
eclogites, but only a few orthopyroxene -free ones; 
contain very high unsupported 87Sr / "0Sr ratios 
(Brueckner 1977; Griffin and Brueckner 1980, in 
prep.), implying that they have at least undergone 
chemical exchange with the surrounding gneisses. 
However, certain orthopyroxene eclogites contain 
pyroxenes apparently showing extensive exsolution, 
notably of garnet. Lappin (1973, 1974) and Lappin 
and Smith (1978) have `reconstituted' some of these 
pyroxenes from modal and microprobe analyses. By 
assuming that these reconstituted phases coexisted 
with other pyroxenes, they have calculated very high 
temperatures (ca. 1000 °C). By assuming coexistence 
of the reconstituted orthopyroxene with garnet at 
these temperatures, they have then calculated very 
high pressures (30 -45 Kbars) which have been used 
as evidence for a mantle origin. Likewise Carswell 
(1973) argued for an upper mantle P -T regime for 
the crystallization of the primary aluminous 
orthopyroxene of the orthopyroxene eclogite (gar- 
net pyroxenite) lens within the garnet peridotite 
body at Ugelvik, Otroy. However, high primary 
crystallization pressures (35 -40 Kbars) are only 
required on the assumption that some garnet coex- 
isted with the original high temperature orthopyrox- 
ene, and the petrographic evidence for that is 
equivocal. 
The exsolution textures described by Lappin and 
Smith (1978) in the Sandviknes orthopyroxene eclo- 
gite are difficult to reconcile with our described zon- 
ing and solid -inclusion evidence for a prograde 
metamorphism history in the associated layers of 
quartz eclogite. However, the petrographic features 
attributed by these authors to exsolution are some- 
what enigmatic, and in the case of the amphibole 
lamellae may reflect parallel growth or replacement 
rather than exsolution. Evidence for garnet and 
pyroxene exsolution in the pyroxenites at Sunn- 
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dal -Grubse (Lappin 1973, 1974) and Ugelvik 
(Carswell 1973) is more convincing. 
Accepting that exsolution textures in certain 
orthopyroxene eclogites imply a high temperature 
origin for the protoliths of those particular rocks, the 
following considerations indicate that very high 
(mantle) pressures may not be necessary. 
1. Many anorthosites contain high -Al orthopyrox- 
enes as primary magmatic phases, even though 
these cannot have formed at mantle depths. 
Morse (1975) concluded that the high Al content 
is controlled by kinetic factors rather than being 
a pressure effect. In the layered anorthosites 
of the Bergen Arcs, the primary low -pressure 
mineral assemblages of olivine + plagioclase + 
clinopyroxene ± orthopyroxene have been 
metamorphosed to granulite facies, then to eclo- 
gite facies conditions (Griffin 1972; Austrheim 
1981). Pods of coarsely granular 'primary' 
orthopyroxene and clinopyroxene show intra- 
grain and interstitial exsolution of garnet. The 
least -exsolved (not 'reconstituted') orthopyrox- 
ene bears a strong compositional resemblance to 
Lappin and Smith's (1978) `reconstituted' 
orthopyroxene fróm an external eclogite pod 
(Table 9). 
The Fisk$ anorthosite, north of Aheim in 
Sunnmore, contains large (10 -20 cm) primary 
orthopyroxene crystals bordered by clinopyrox- 
ene + garnet coronas and choked with garnet 
and clinopyroxene exsolution lamellae (Griffin 
and Mork 1981). This pyroxene is again similar 
to those proposed by Lappin and Smith (1978) as 
protoliths for the orthopyroxene eclogites. Obvi- 
ously extreme pressures are not necessary for the 
production of such pyroxenes, since the primary 
olivine + plagioclase assemblage of the Bergen 
anorthosites (Griffin 1972) limits crystallization 
of the anorthosites to P < 8 -10 Kbars (Griffin 
and Heier 1973). Maquil (1978) has experimen- 
tally produced such pyroxenes in anorthosite 
compositions at 1000 °C, 10 Kbars. 
2. T. H. Green and Ringwood (1968) showed 
experimentally that subliquidus clinopyroxenes 
coexisting with garnet in tholeiitic melts contain 
up to 13.6 per cent A1203 at 18 Kbars, 
1230 -1300 °C. Subsolidus clinopyroxenes coex- 
isting with plagioclase, orthopyroxene, and 
amphibole at 920 -1040 °C and 9 -10 Kbars con- 
tained 9.9 -11.3 per cent A1203, while coexisting 
orthopyroxene contains 7.3 -8.4 per cent Al2O3. 
Thompson (1974) has produced similar pyrox- 
enes at liquidus to subliquidus T and intermedi- 
ate P, from a range of basalts. Na and Al contents 
rise rapidly with falling T or rising P for each 
Table 9 Exsolved pyroxenes in anorthosites- comparison with 'reconstituted' pyroxenes 
from opx eclogites 














Si02 49.8 53.4 39.2 39.3 51.4 50.4 38.9 39.5 
TiO2 1.2 0.2 0.1 0.7 
A1203 9.2 6.7 22.3 22.9 3.8 5.7 21.9 21.9 
FeO 7.2 6.0 21.7 17.6 20.6 9.3 24.3 22.5 
Mn0 0.8 0.6 1.1 0.9 
Mg0 11.1 12.4 9.7 11.3 21.8 11.7 7.5 9.6 
CaO 19.3 19.8 5.1 7.3 0.3 20.3 5.5 5.3 
Na20 2.2 1.9 1.7 
100.0 100.4 98.8 99.0 98.0 99.8 99.2 99.7 








Si02 53.1 39.2 51.83 55.20 52.3 
TiO2 0.16 0.0 0.02 0.07 0.0 
A1203 3.00 22.5 3.58 4.50 4.2 
FeO 16.3 21.0 17.45 10.17 7.80 
MnO 0.18 0.97 0.17 0.06 0.1 
Mg0 27.0 10.7 25.38 14.93 16.3 
CaO 0.18 5.86 0.72 12.04 17.0 
Na20 0.0 0.0 0.07 3.44 1.18 
99.9 100.2 99.22 100.51 99.30 
`Lappin and Smith (1978). 
tLappin (1974). 
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composition. Extrapolation of Thompson's data 
also suggests that at T = 1100 -1200 °C, 
p = 15 -18 Kbars, many basalts will precipitate 
pyroxenes with high Na /Ca ratios and high Al 
contents. 
3. Rost and Brenneis (1978) have described exsolu- 
tion of garnet in the pyroxenes of spinel perido- 
tites in the Ultenthal, and suggested that the 
associated garnet peridotites and garnet pyroxe- 
nites have evolved by crustal metamorphism of 
the Al -rich primary pyroxenes of the spine) lher- 
zolites and pyroxenites. 
We conclude that cumulates of various igneous 
pyroxenes, formed at moderate pressures, may well 
have been the protoliths for at least some 
orthopyroxene eclogites, both internal and external. 
These may stem from magmas intruded into the 
crust during the eclogite metamorphism. Alterna- 
tively, they may represent much older rocks, carried 
to depth and recrystallized during the eclogite form- 
ing event (cf. Griffin and Qvale this volume). 
Isotopic data on some external orthopyroxene eclo- 
gites (Griffin and Brueckner 1980) tend to support 
the latter interpretation. These older rocks may 
include both pyroxenites, related to the ultramafics 
and the anorthosites, and metasupracrustal rocks; 
further analytical data are obviously necessary. 
Internal vs. external eclogites 
Most discussions of the garnetiferous ultramafic 
rocks and associated internal 'eclogites' (± 
orthopyroxene) in the Western Gneiss Region have 
concluded that these rocks represent tectonic slices 
of the subcontinental mantle. This conclusion has 
been based on (a) the assumption (based on early 
experimental work) that the garnet -peridotite min- 
eral assemblage is only stable at very high P, (b) high 
calculated P -T values, (c) a decompression history, 
derived both from observation of pyroxene + spinel 
symplectites around garnet (O'Hara and Mercy 
1963; Carswell 1968), and from compositional zon- 
ing in constituent minerals (Medaris 1980). 
We have shown here that careful evaluation of 
both the analytical data and of published barometers 
and thermometers points to substantially lower pres- 
sures of formation for all the orthopyroxene eclo- 
gites than previously indicated. We have also shown 
how the zoning profiles can be reconciled with a 
prograde, rather than retrograde, metamorphic his- 
tory (Fig. 2). Recent experimental evidence (Jenkins 
and Newton 1979) demonstrates that a 
garnet- peridotite -like assemblage is stable to pres- 
sures as low as 13 Kbars at 800 °C. Our work shows 
that, when appropriate error brackets are attached 
to the various calculated values, there is no resolv- 
able difference in the average P and T of equilibra- 
tion among the garnet peridotites, internal 
orthopyroxene eclogites, external orthopyroxene 
eclogites, and external orthopyroxene -free eclogites 
in the coastal parts of the Western Gneiss Region. 
Finally, the widespread high- pressure granulite 
facies relics within the gneisses of the region (Mysen 
and Heier 1972; Krogh 1980a,b; Griffin and Cars- 
well this volume; Griffin and Mork 1981; Griffin et 
al. this volume) suggest that the gneisses have had a 
metamorphic history similar to that of the eclogites. 
Krogh (1980a,b) has demonstrated this point in 
detail for two localities at extremes of the regional 
P -T gradient. 
All the available data are therefore consistent with 
a unified model for the genesis of all the observed 
eclogite facies assemblages during a major, regional 
scale, high pressure metamorphic event. This may 
have resulted from transient subduction (Bryhni et 
al. 1977; Krogh 1977a; Cuthbert et al. 1983) of a 
large continental lithospheric slab during a major 
continent -continental collision event. Recent geo- 
chronological data suggest that this event was part of 
the Caledonian orogeny (Griffin and Brueckner 
1980, in prep.; Griffin and Carswell this volume). 
There are two possible origins for the garnetifer- 
ous ultramafic rocks and 'internal' eclogites in this 
geotectonic scenario: (a) tectonic introduction of 
mantle slices into the descending slab; (b) progres- 
sive metamorphism of older 'alpine -type' peridotites 
or serpentinites already lodged in the crust during 
earlier orogenic episodes (Griffin and Qvale this 
volume). In either case the data and arguments pre- 
sented here imply final 'equilibration' of all the eclo- 
gite facies types under similar conditions. Further 
evidence of the metamorphic and tectonic history of 
the ultramafic association will have to come from 
studies of their field associations and geochemistry, 
especially isotopic geochemistry. 
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ABSTRACT 
Field, petrographic and geochemical data are presented which indicate that the 
voluminous quartz monzonitic augen gneisses in this area, together with subordinate 
granitic gneisses, are orthogneisses originally emplaced in the mid -Proterozoic 
(Rb -Sr isochron age of 1506 ± 22 Ma) but extensively deformed and recrystallized 
during the Caledonian orogeny. Least deformed samples retain porphyritic igneous 
textures with coronitic development of garnet and scarce relict clinopyroxene, 
mineralogical features considered to reflect the intluence of an early Caledonian 
high pressure metamorphism more obviously evidenced by the associated 
metabasic eclogite lenses. These lenses are interpreted as tectonically disrupted 
intrusive sheets, mostly with olivine tholeiite basaltic chemistry. Original intrusive 
back- veining relationships have occasionally been preserved between these 
metabasic intrusives and the enclosing gneisses. A few of the larger metabasic 
bodies also retain igneous textures with impressive coronitic development of the 
eclogite facies mineral phases. However, both the eclogites and the augen ortho- 
gneisses show extensive deformation which induced retrogression to late Caledonian 
amphibolite facies mineral assemblages. 
A more variable sequence of quartzo -feldspathic gneisses, pelites, calc silicate 
gneisses, marbles and metabasites (the Paragneiss Complex) has not been dated 
isotopically but is considered most likely to represent an older Svecofennian rock 
sequence intruded by the mid -Proterozoic Orthogneiss Complex. Metabasic rocks 
in the Paragneiss Complex only rarely retain eclogite facies mineralogies and are 
mostly garnet granulites (as on Tverrfjella) or amphibolites (as on Bols0y and other 
islands in Moldefjord). The lower metamorphic grade of the rocks along Molde- 
fjord is associated with the imposition of a near pervasive protomylonitic fabric and 
is considered to reflect the more intensive late Caledonian deformation and recrys- 
tallization of these rocks. However, the occasional preservation of kyanite in pelites 
and of eclogite facies mineralogies in metabasic rocks indicate that the rocks of the 
Paragneiss Complex have also witnessed the earlier high pressure metamorphism. 
Introduction and Previous Studies 
This paper summarizes the results of a study of the 
rocks in the Moldefjord area of west Norway 
(62 °52'N, 7 °W) in the so- called Basal Gneiss Com- 
plex (Holtedahl 1944; Carswell 1973). 
The rocks of this Complex (Fig. 1) have been the 
subject of several conflicting interpretations. The 
earliest workers (e.g. Reusch 1881) regarded the 
gneisses as Precambrian basement to the overlying 
Palaeozoic sediments. Later it was considered that 
part (e.g. Holtedahl 1944; Gjelsvik 1951; Kolderup 
1960) or all (e.g. Hernes 1967) of the gneisses were 
derived by feldspathization of `Caledonian' or late 
Precambrian /Cambro -Silurian sediments, respec- 
tively. The situation was further complicated by the 
suggestion that perhaps the basement was composed 
of two distinct elements. These were first defined by 
Bryhni (1966) as the homogeneous Jostedal Com- 
plex, of reworked Precambrian gneisses and the 
overlying heterogeneous Fjordane Complex. Strand 
(1969), Brueckner (1977a), and Skjerlie (1969) dis- 
cerned similar units at Grotli, Tafjord, and Sunn- 
fjord, respectively. 
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Fig. 1 Location of area of study within the Basal Gneiss Complex, of western Norway. Basal Gneiss Complex 
unshaded, higher lithological units shaded 
In the northern part of the Complex the gneisses 
are directly overlain by a sequence of heterogeneous 
rocks of late Precambrian to Ordovician age, with 
intercalated portions of the basement, shown to be a 
series of allochthonous nappes with a supposed 
origin at least 500 km to the west (Gee 1978, 1980). 
These are separated from the basement Complex by 
a thin veneer of sediment considered to have acted 
as a décollement surface for the movement (Gee 
1980). The nature of the nappe /basement contact 
here is crucial to the interpretation of the Molde- 
fjord rocks. 
The southern part of the Complex is bordered by 
further allochthonous material in the Jotun nappe 
and the Bergen arcs. The origin of the former, con- 
sisting of anorthosites and granulites, is equivocal; 
often thought to be a far -travelled thrust nappe (e.g. 
Hossack et al. 1981). Gravity studies have suggested 
a deep dense root, and a local derivation from the 
lower crust as an `Ivrea -type flake' (Smithson et al. 
1974; Banham et al. 1979). The Bergen Arcs, con- 
sisting of a series of arcuate belts of lower Palaeozoic 
metasediments and metavolcanics, and gneisses with 
migmatites and anorthosites, have been interpreted 
as a series of nappes thrust onto a Precambrian 
gneiss complex of probable autochthonous nature 
(Sturt et al. 1975; Sturt and Thon 1976). The anor- 
thosite portion contains eclogites of postulated 
Caledonian or possibly Sveconorwegian age and 
may correlate with the Jotun Nappe (Austrheim and 
Róheim 1981). 
Field studies at Moldefjord have so far been con- 
centrated (Fig. 2) between Moldefjord and Lang - 
vatnet- Násvatnet, just north of Tverrfjella on the 
Molde peninsula and on the nearby islands of Otroy, 
Middy, and Dryna to the west and Bolsoy to the 
south. 
Bugge (1934) described the discovery of green - 
schists, micaschists, quartz schists, and marble on 
Bols0y, Saeteroy, and Hjertf y in Moldefjord. Later 
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Fig. 2 Generalized geological map of the northern Moldefjord region, only the largest observed lenses of eclogite, 
peridotite, and metadolerite are indicated 
Hernes (1954a, 1956) mapped a narrow synclinal 
outcrop of similar rocks along the south side of Fan - 
nefjord to the east of Molde. These rocks were 
thought to be contained in a discontinuous westward 
extension, along the regional strike of the Surnadal 
syncline which contains comparable rocks (Strand 
1952); they were shown as such on the map of 
Hernes (1955). Furthermore, as Strand considered 
that the Surnadal rocks could be traced eastwards 
directly into the Cambro -Silurian rocks of the Trond- 
heim region (as shown on the geological map of 
Norway- Holtedahl and Dons 1960) it was pre- 
sumed that the greenschists and associated rocks in 
the Moldefjord area were of similar age. Gjelsvik 
(1953) has described rocks near Brattvág to the 
southwest of Moldefjord; here micaschists associ- 
ated with greenschists contain porphyroblasts of 
feldspar which increase in number over a distance of 
50 m across the strike so that the schists pass into an 
augen gneiss and then into uniform grey gneisses. 
Thus Gjelsvik, like Hernes (1954a, 1956) appar- 
ently considered the contact between the `basal 
gneisses' and the supracrustal metasedimentary and 
metavolcanic rocks to represent a Caledonian mig- 
matite front -the basal gneisses therefore being 
interpreted as extensively migmatized Eocam- 
brian -Lower Palaeozoic rocks. 
Hernes (1955) published a map of the geology 
between Moldefjord and Kristiansund, including 
Surnadalen, and constructed a tectonostratigraphy 
based on a eugeosynclinal sequence of assumed late 
Precambrian age (Hernes 1967). From his studies 
near Kristiansund Ráheim (1972) expanded upon 
Hernes's sequence but questioned the Caledonian 
age for the formation of the gneisses. Subsequently, 
Pidgeon and Róheim (1972) demonstrated that at 
least some of the rocks (Tingvoll Group) had a 
Svecofennian age (1708 ± 60 Ma). The apparent 
lack of any structural or metamorphic break be- 
tween these rocks and those of the Surnadal synform 
suggested that the latter (Roros Group) were of a 
similar age which Róheim (1977) showed to be so, 
although the isochron was not well constrained. In 
addition he demonstrated the existence of a 
metamorphic and structural break between these 
Svecofennian -aged rocks in the synform and those 
higher in the sequence, which he equated with the 
Storen nappe of Gale and Roberts (1974) and 
Róheim (1979). 
This suggested that the Surnadal synform was not 
an integral part of the Palaeozoic rocks of the Trond- 
heim Basin. However, Krill (1981) regarded this 
tectonic break as a zone separating an infrastructure 
of high -grade metamorphism from a superstructure 
of low -grade metamorphism as found at Oppdal 
(Krill 1980). He also correlated an allochthonous 
Caledonian -aged unit at Oppdal (Bláho unit) with 
part of the Surnadal sequence, thereby contradicting 
the Svecofennian age given for them by Róheim 
(1977). Furthermore Gee (1980) has correlated the 
Bláht unit with the Seve nappe thereby implying 
that the cover rocks of the Surnadal syncline were 
allochthonous and Caledonian in age. These con- 
trasting interpretations of the rocks at Surnadal have 
cast serious doubt over the age and nature of the 
supracrustal rocks in Moldefjord. 
According to the previous mapping and interpre- 
tation of Hernes (1956) and Róheim (1972) in the 
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area between Molde and Kristiansund, the rocks of 
the actual Basal Gneiss Complex on the northern 
side of Moldefjord should correspond to Hernes' Frei 
Group. This lithologically heterogeneous group of 
rocks was reported to include migmatites, augen 
gneisses, amphibole and diopside bearing schists and 
gneisses, marbles and calc -silicate gneisses, garnet 
amphibolites, eclogites, metaperidotites, metapyr- 
oxenites, and metadolerites. On his map, Hernes 
(1955) indicated that a lithological boundary exists 
within the Frei Group rocks about 3 km north 
of Molde which can be followed for tens of 
kilometres northeast along strike. Our mapping has 
shown (Fig. 2) that this boundary can also be fol- 
lowed southwestwards across the islands of Otroy 
and Midoy and separates contrasting lithological 
units which we refer to as the Heterogeneous Para - 
gneiss Complex and the more homogeneous Augen 
Orthogneiss Complex. However, the rocks of the 
Paragneiss Complex are not restricted to the south- 
ern side of this boundary but also occur further 
north, notably at Raknestangen (the most northerly 
point at Otroy) in the area north of Hollingsholm, 
and on Tverrfjella about 18 km north of Molde (see 
Fig. 2). 
The Augen Orthogneiss Complex 
The dominant lithology in this unit is an impressive 
coarse augen- textured gneiss. The conspicuous pink 
feldspar augen are usually somewhat flattened and 
are typically about 1 cm across, although they may 
be up to 5 cm long. However, dependent upon the 
degree of deformation, the size, shape, and apparent 
proportion of feldspar augen may be quite variable, 
as therefore is the overall appearance of the rock. 
Nevertheless, where least deformed, the rock has the 
appearance of a consistently porphyritic igneous 
rock. An igneous origin is also indicated by the rela- 
tive uniformity in chemical composition of the augen 
gneiss (Table 1, column E). On a normative feldspar 















46.11 50.06 1.33 1.31 1.20 66.39 2.93 66.03 
TiO2 1.76 1.23 0.29 0.04 1.23 0.27 1.78 0.59 0.76 0.23 0.09 0.07 0.71 
Al203 14.87 1.54 8.50 0.78 14.72 0.63 16.43 0.79 14.84 0.74 12.10 0.27 15.88 
Fe203 2.35 0.82 1.75 0.26 3.53 0.76 1.47 0.51 1.75 0.74 0.39 0.32 1.87 
FeO 12.23 2.78 7.62 1.14 7.38 1.21 11.41 1.15 3.33 1.55 0.53 0.39 3.24 
MnO 0.20 0.05 0.19 0.01 0.17 0.04 0.32 0.33 0.09 0.03 0.02 0.02 0.08 
MgO 9.72 2.19 18.52 1.02 8.60 1.98 8.47 2.21 1.55 0.48 0.30 0.13 1.70 
CaO 10.11 1.75 10.12 0.18 11.09 1.09 8.81 0.94 3.23 0.72 0.99 0.27 3.00 
Na20 2.15 0.56 0.76 0.11 3.11 0.84 2.70 0.41 3.13 0.43 2.88 0.54 2.80 
K2O 0.06 0.06 0.42 0.25 0.37 0.28 0.81 0.33 4.12 0.75 4.85 0.90 4.21 
P205 0.18 0.12 0.34 0.37 0.10 0.04 0.33 0.16 0.27 0.10 0.02 0.02 0.15 
S 0.02 0.03 0.02 0.01 0.01 0.02 0.03 0.05 0.02 0.04 0.01 0.01 
H2O+ 0.35 0.12 0.89 0.60 0.74 0.20 0.65 0.47 0.58 0.19 0.35 0.23 0.90 
TOTAL 100.11 99.48 99.64 99.98 100.06 100.07 100.57 
100Na/(Na + Ca) 27.8 11.9 33.7 35.7 63.7 84.0 62.8 
100Mg/(Mg + Fe) 
ppm 
57.4 78.3 64.8 56.1 42.1 45.6 44.7 
Ni 217 132 498 41 163 95 155 93 3 2 0 0 
V 341 315 139 3 303 44 220 48 45 17 5 5 
Cr 279 199 1960 55 412 178 101 37 12 3 11 4 
Zn 109 28 86 13 76 16 103 22 85 20 18 10 
Cu 67 39 29 11 67 52 70 14 18 10 7 3 
Rb 2 2 23 4 6 4 21 6 80 20 139 60 
Sr 206 123 102 38 105 40 368 49 231 96 82 74 
Y 23 8 8 6 29 6 30 10 38 12 21 17 
Zr 90 38 30 8 70 21 132 43 339 85 65 44 
Ba 77 27 149 83 84 30 403 185 1123 403 253 106 
A- Average of 11 essentially unmetasomatized olivine normative tholeiitic eclogites B- Average of 3 somewhat metasomatized 'eucritic' orthopyroxene eclogites C- Average of 11 garnet granulites from Tverrfjella 
D- Average of 5 metadolerites E- Average of 19 augen orthogneisses F- Average of 9 granites in orthogneiss complex 
G- Average mangerite syenite, Flatraket (Lappin et al. 1979) 
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Fig.3 Normative feldspar plot of whole rock compositions for coarse augen orthogneisses (crosses) and associated 
granitic sheets (open circles) and miscellaneous augen free gneisses (closed circles). The labelled classification fields 
outlined by solid lines are those of O'Conner (1965), the field encircled by a broken line the granodiorite field of 
5lreckeisen (1976), and the curved dashed line corresponds to the chemical trend recognized by de Waard (1969) for 
anorthosite -norite -jot unite -mangerite -farsundite -opdalite -charnockite suite rocks 
classification basis (Fig. 3) the augen gneiss composi- 
tions straddle the quartz monzonite and granodiorite 
fields of O'Conner (1965) and lie partly within the 
granodiorite field of Streckeisen (1976). 
Where relatively undeformed it is apparent that 
the feldspar augen are of rapakivi type with cores of 
finely perthitic microcline (0ry _y, Ab5_,,,) mantled 
by oligoclase (An,,,_;,,). This plagioclase is commonly 
antiperthi.tic enclosing coarse patches of microcline 
and is often myrmekitic adjacent to the potash feld- 
spar core. A further conspicuous feature of the 
augen gneiss is the presence of appreciable fine - 
grained garnet developed in a crude corona fashion 
between the feldspar augen and the clots of mafic 
minerals which include rare clinopyroxene relicts, 
more common dark green hornblende, and signifi- 
cant amounts of both magnetite and sphene. The 
fabric of these predominantly quartz monzonitic 
augen gneisses is invariably to some extent por- 
phyroclastic with `ribbons' of finely granulated 
quartz. With extreme deformation the feldspar 
augen clasts are drawn out into long `pencils' and the 
content of garnet clearly diminishes whilst that of 
biotite increases as the rocks are transformed into 
finely banded, grey, hornblende -biotite gneisses. 
Locally the augen -gneisses are sheeted by more 
nearly equigranular pink granites (Table 1, column 
F). Despite their low mafic content these granites 
sometimes contain scarce pyralspite garnet. 
Isotopic studies have shown that the augen gneisses 
and associated granitic rocks give a Rb -Sr iso- 
chron age of 1506 ± 22 Ma (Fig. 4). In view of the 
low initial 'Sr / "Sr ratio of 0.7035 and the lack of 
disturbance of the LIL elements in general (includ- 
ing Rb) we consider this to represent essentially the 
magmatic crystallization age of these rocks rather 
than a metamorphic recrystallization age (cf. Krill 
and Griffin 1981). It is of interest that this age is 
essentially identical to the U -Pb magmatic crystal- 
lization age obtained by Lappin et al (1979) for the 
mangerite syenite intrusion within the Basal Gneiss 
Complex at Flakraket, Nordfjord and to the age for 
other rapakivi -like orthogneisses in Scandinavia 
(Point 1975; Röshoff 1978; Krill 1980). The fairly 
high M.S.W.D. of 14.78 is considered to be the 
result of subsequent high grade metamorphism dur- 
ing the Caledonian (see below). 
We also note the close similarity in chemical com- 
position between the Flakraket mangerite syenite and 
the Moldefjord quartz monzonitic augen gneisses 
(compare columns E and G, Table 1), and the 
fact that together with the associated granitic rocks 
and miscellaneous augen free gneisses the augen- 
textured orthogneisses define a chemical trend (Fig. 
3) which closely corresponds to that recognized by 
de Waard (1969) for the anorthosite-norite- jotu- 
nite- mangerite- farsundite- opdalite- charnockite 
suite of rocks. Although anorthosites appear to be 
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Fig. 4 Rb -Sr isochron diagram for augen textured gneisses and associated granitic rocks from the Augen Orthogneiss 
Complex on the north side of Moldefjord 
absent in the Moldefjord area, they are not uncom- 
mon elsewhere in the Basal Gneiss Complex (Bryhni 
1966; Brueckner 1977a). We suggest that the anor- 
thosite -augen orthogneiss (mangerite) -granite suite 
of plutonic intrusives within the Basal Gneiss Corn - 
plex may be related to the voluminous emplacement 
of such anorogenic plutonic igneous rocks which 
appears to have occurred between 1450 -1700 Ma, 
in a broad belt across Scandinavia and North 
America (Emslie 1978, Bridgewater and Windley 
1973). 
Lenses of essentially bimineralic eclogite fre- 
quently occur throughout the Augen Orthogneiss 
Complex in this area. Only the outcrops of the 
largest lenses are shown on Fig. 2. When unaffected 
by later metasomatism associated with their trans- 
formation into biotite amphibolites, the majority of 
these lenses have broadly similar basaltic rock 
chemistries (Table 1, columns A and B). In norma- 
tive terms the dominant eclogites are olivine 
tholeiites, whilst the scarcer orthopyroxene bearing 
eclogites (garnet pyroxenites) (Carswell et al. this 
volume) appear to have had a eucritic (i.e. hypers- 
thene- olivine gabbro) parentage. There seems little 
doubt that these eclogite types represent metamor- 
phosed basic igneous rocks which originally sheeted 
the intermediate -acid plutonic complex. Typically 
the eclogite facies metabasites occur as tectonically 
bounded `strings' of lenses indicating extensive 
boudinage of the original intrusive sheets or dykes. 
This tectonic disruption clearly post -dated the 
development of the eclogite facies assemblages as 
witnessed by disorientated internal layering of such 
assemblages in certain lenses. Particularly large 
eclogite lenses at Kolmannskog and Raknestangen 
illustrate internal layering from bimineralic eclogite 
through garnet websterite to iron -rich garnet -spine) 
Iherzolite, similar to the layering in the Eiksunddal 
eclogite complex further south on Hareidlandet 
(Schmitt 1963). Some degree of marginal 
amphibolitization of all eclogite lenses against the 
surrounding gneisses is normally apparent. 
In rare instances where, as at Litledigerneset on 
the west coast of Midt y, the contacts between the 
eclogite bodies and the gneisses have escaped tecton- 
ism, original intrusive backveining relationships 
have been preserved (Griffin and Carswell this vol- 
ume). Field evidence demonstrates that the higher 
temperature basic sheets have caused partial remelt- 
ing of the igneous precursors of the augen gneisses 
into which they were intruded, leading to the injec- 
tion of acid backveins into the basic rocks. Quartz 
and alkali feldspars are the dominant mineral phases 
in these veins but the preservation of small amounts 
of symplectitic clinopyroxene, garnet, and kyanite 
strongly suggests that the emplacement of these 
veins predated the high pressure eclogite facies 
metamorphism. These early quartzo- feldspathic 
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veins contrast with the much more conspicuous 
post -eclogite facies granitic pegmatites which lack 
high pressure mineral phasrs and produce amphibo- 
lite haloes where they cross -cut eclogite lenses. 
The presence of almandine garnets with signifi- 
cant grossular contents (Table 3, columns H and J) 
in the intermediate -acid plutonic rocks of the 
Augen Orthogneiss Complex, is taken to indicate 
pressures of at least 9 Kbars at the likely 700 -800 °C 
metamorphic recrystallization temperatures (Green 
and Mysen 1972). Likewise the occasional preserva- 
tion of symplectitic clinopyroxenes in the augen 
gneisses and the general observation that eclogites 
have developed in basaltic sheets intruded into the 
igneous precursors of the augen gneisses, requires 
that these intermediate -acid plutonic rocks were 
subjected to the high pressure metamorphic condi- 
tions responsible for the development of the eclogite 
facies assemblages in the metabasic rocks. 
Utilizing the garnet -symplectitic clinopyroxene- 
plagioclase- quartz assemblage equilibria (Newton 
and Perkins 1981) and the Fe' + /Mg' -+ partitioning 
between garnet and symplectitic clinopyroxene 
(Ellis and Green 1979) pressure and temperature 
conditions for this assemblage both in augen gneisses 
and in retrograded eclogites (garnet granulites) were 
calculated as -800 °C and 9 -10 Kbars. The original 
omphacitic clinopyroxene in these rocks must there- 
fore have been formed at P > 9 Kbars. 
The Heterogeneous Paragneiss Complex 
This rock complex includes migmatitic gneisses 
(sometimes garnetiferous but invariably with horn- 
blende and /or biotite), diopside ± scapolite- bearing 
talc- silicate gneisses, marbles, garnet -mica pelites 
(sometimes with conspicuous kyanite), and garnet 
and /or epidote bearing amphibolites. The 
undoubted metasedimentary parentage of many of 
these rocks and their dominant alman- 
dine -amphibolite facies mineralogy led one of us 
(Carswell 1973) to suggest previously that the rocks 
of this Complex, which outcrop on the southern sides 
of Otroy and Midoy and on the smaller islands 
nearer Molde, represent a sequence of Caledonian 
supracrustal rocks deposited on an older Precam- 
brian gneiss basement within which the high grade 
eclogite facies assemblages were thought to be 
restricted. However, this interpretation is now rec- 
ognized to be at least partly incorrect. Firstly, recent 
Sm -Nd dating of garnet -clinopyroxene mineral 
pairs from several eclogite lenses within the Basal 
Gneiss Complex (including samples from the Mol- 
defjord area) has indicated a Caledonian age of 
around 425 Ma for the eclogite facies metamorph- 
um contrary to the earlier interpretations by 
Pidgeon and Róheim (1972) and Krogh (1977) of a 
Svecofennian age (1700 -1800 Ma) for this event. 
Secondly, although the majority of metabasic rocks 
within the Paragneiss Complex in the near vicinity of 
Moldefjord are amphibolites, it is now appreciated 
that eclogite assemblages are in fact occasionally 
preserved within such amphibolite lenses. Moreover, 
there are large numbers of eclogite lenses enclosed 
within migmatitic metasedimentary gneisses around 
Raknestangen on the extreme north of Otroy and 
abundant partly retrograded eclogitic rocks associ- 
ated with marbles on Tverrfjella (Hernes 1954b). In 
addition we now recognize that the Paragneiss Com- 
plex as mapped (Fig. 2) in places includes conspicu- 
ous volumes of possible orthogneisses which may be 
related to comparable rocks in the more homogene- 
ous Augen Orthogneiss Complex. 
So far the Paragneiss Complex around Molde has 
failed to give a suitably constrained whole -rock 
Rb -Sr isochron. However, the rocks dated by 
Pidgeon and Róheim (1972) as 1708 ± 60 Ma near 
Kristiansund were from the Frei Group, whilst 
Brueckner (1979) dated eclogite -bearing supra - 
crustal rocks at Tafjord as 1775 ± 57 Ma. These 
dates for possibly equivalent rooks to those of the 
Paragneiss Complex suggest that they might be of 
similar age. 
As previously mentioned the Paragneiss Complex 
on Bolsoy has been related to rocks in the Surnadal 
syncline (Strand 1952; Hernes 1955; Róheim 1972) 
but no agreement exists over the interpretation of 
the latter as either Svecofennian basement ( Róheim 
1979) or allochthonous Caledonian rocks (Krill 
1981; Gee 1980). 
However, we question the validity of Róheim's 
(1977) dating of the Roos Group at Surnadal as 
Svecofennian on three points. Firstly, no actual iso- 
chron was produced for this age. Secondly, the 
samples described were not of the same lithology and 
therefore were unlikely to possess the same "Sr/"Sr 
initial ratio. Thirdly, the 1700 Ma age was suggested 
because some of the Roros Group rocks fell on the 
Tingvoll Group isochron, but again the lithologies 
were different and this superimposition may be 
purely fortuitous. Furthermore, the concordance of 
the ROros and underlying Tingvoll groups, taken to 
indicate a single lithological sequence ( Róheim 
1977) may well be an artifact of the intense flatten- 
ing suffered by these rocks during the Caledonian 
orogeny (cf. Carswell 1973). On the other hand the 
interpretation of Krill and Gee for the Surnadal 
rocks seems better founded and is preferred on pres- 
ent evidence. 
If the lithostratigraphic correlation of the para- 
gneisses on Bolsf y and Tverrfjella eastwards with the 
rocks at Surnadal is accepted, this would suggest that 
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the former may also be allochthonous Caledonian 
rocks. However, as such an interpretation is at odds 
with the Svecofennian whole rock Rb -Sr isochron 
age for the Frei Group rocks to the south of Kris - 
tiansund (Pidgeon and Ráheim 1972), it appears 
that the key question of the age of the Paragneiss 
Complex rocks in the Moldefjord area cannot be 
satisfactorily resolved at present. 
Due to this uncertainty over their age, two 
interpretations are possible for their relationship to 
the Orthogneiss Complex. The simplest explanation 
is that the igneous precursors to the augen gneisses 
intruded and partially migmatized a sequence of 
pre- existing sediments. Such a model explains the 
appearance of apparent orthogneisses within the 
Paragneiss Complex and vice versa, although these 
relationships have undoubtedly been complicated by 
later (Caledonian) crustal imbrication. The more 
complex alternative model requires one, or possibly 
both, of the complexes to be allochthonous. The 
augen gneisses could correlate with the Tännäs 
Augen Gneiss nappe in Sweden which contains Pro- 
terozoic rapakivi -like augen orthogneisses with 
anorthosites and anorthositic gabbros in the Oppdal 
area (Krill 1980), although the last two rock types 
are absent at Moldefjord, whilst the Paragneisses 
could possibly correlate with allochthonous Caledo- 
nian rocks of the overlying nappes (e.g. the Seve 
nappe). To achieve the close intercalation of 
Orthogneisses and Paragneiss Complexes large scale 
folding and /or faulting movements would clearly 
have been required. 
It is feasible that the Paragneiss Complex in the 
Moldefjord area (Fig. 2) may in fact contain both 
Svecofennian (basement) and Caledonian (cover) 
lithostratigraphic units. However, the currently 
available data do not enable us to discriminate 
between two such rock units, if indeed both do exist 
in this area. 
Metabasic eclogite lenses within the Paragneiss 
Complex on northern Otroy have undergone 
deformation -induced retrogression which has con- 
verted the rocks into plagioclase- bearing garnet - 
granulites. The sporadic preservation of inclusions of 
omphacitic clinopyroxene within garnets indicates 
the original presence of eclogite facies assemblages 
in these granulites. Jadeite -poor clinopyroxenes now 
occur in equilibrium with oligoclase in the same 
rocks (Table 2, columns B -D). The conspicuous 
metabasaltic rocks associated with the marbles on 
Tverrfjella, described by Hernes (1954b) as eclo- 
gite -amphibolites, contain clinopyroxenes with low 
jadeite contents, intergrown with oligoclase as a 
symplectite (Table 2, column E) and thus are also 
garnet -granulites. Further retrogression of such 
garnet -granulites, ultimately to garnet -free epidote 
amphibolites would have depended upon the acces- 
sibility of water in a declining P/T environment. 
Metabasic rocks on Bolsoy and adjacent islands in 
Moldefjord, previously described as greenschists 
(Bugge 1934; Gjelsvik 1953) are better termed epi- 
dote amphibolites. Our recent discovery of relict 
kyanite in garnetiferous pelites on Bolsoy suggests 
that these paragneisses may have suffered the same 
high metamorphic pressures as experienced further 
north. It would appear that the appearance of fine - 
grained, well -foliated epidote amphibolites on Bol- 
soy and adjacent islands and the paucity of eclogite 
facies assemblages in the Paragneiss Complex along 
Moldefjord are related to the imposition of a late 
Caledonian protomylonitic fabric on the rocks in 
that area. 
One of us (MAH) has recently been particularly 
concerned with the interpretation of the relation- 
ships between garnet -granulites (eclogite- 
amphibolites), marbles, and associated schists and 
gneisses in the Tverrfjella area. From his earlier 
study, Hernes (1954b) was uncertain as to whether 
the conspicuous mafic rocks there (his eclogite- 
amphibolites) represented metabasaltic rocks or 
some form of reaction skarn between the marbles 
and the surrounding gneisses. Since the marbles 
occur as megaboudins and can be traced along pre- 
sumed original sedimentary horizons, a further pos- 
sibility to be considered is that they are of 
metasedimentary origin and have been derived from 
impure carbonate rocks. 
From geochemical studies the Tverrfjella garnet - 
granulites display a basaltic chemistry (compare col- 
umns A and C in Table 1). These are plotted on a 
Pearce and Cann (1973) diagram (Fig. 5a), together 
with various eclogites, amphibolites, and other 
garnet -granulites from elsewhere in the region. The 
Tverrfjella garnet -granulites are fairly well separ- 
ated from the eclogites, the majority of which form 
a compact group although there are a few with 
anomalously high or low titanium contents. The 
majority of the eclogites lie in or near the field 
defined as ocean island or continental basalts by 
Pearce and Cann (1973) which is consistent with our 
hypothesis of them originally being basic dykes 
intruded into continental crust rocks. By contrast the 
Tverrfjella garnet -granulite samples lie predomin- 
antly in the field of ocean floor basalts as do the 
majority of the amphibolite and garnet -granulite 
samples from elsewhere, suggesting that all of these 
rocks are of an igneous origin. However, another 
scattered group of amphibolites and garnet - 
granulites appear towards the Zr apex and are inter- 
preted as having a different, possibly sedimentary, 
parentage with the high Zr resulting from concentra- 
tions of detrital zircon. 
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Table 2 Representative electron microprobe clinopyroxene analyses 
Analysis A B C D E F G H J K 
U484 U160 U160 U160 141() U263 U263 U262 U262 U332 
Sample 
Inc. Symp. Symp. Symp. Prim. Corona Inner Outer 
No. Max. Al Min. Al corona corona 
Si02 55.90 55.39 49.64 50.87 49.86 52.09 52.64 53.16 53.28 50.71 
TiO2 0.12 0.31 0.32 0.51 0.42 0.25 0.17 0.07 0.08 0.12 
A1,0, 8.24 10.08 5.71 1.78 5.07 2.81 3.22 2.15 5.59 2.21 
FeOT 3.97 8.11 10.35 9.38 11.42 8.41 8.78 5.78 5.67 15.08 
Mn0 0.02 0.09 0.24 0.22 0.11 0.17 0.14 0.14 0.13 0.30 
MgO 11.15 8.32 10.79 13.02 10.74 13.52 13.08 14.19 13.51 9.45 
Ca0 16.26 14.34 20.43 22.00 20.52 21.94 20.35 22.75 18.78 20.89 
Na,O 4.86 6.05 1.68 1.09 1.22 0.99 1.86 1:43 2.63 0.63 
TÒTAL 100.53 99.69 99.15 99.32 99.36 100.18 100.24 99.67 99.67 99.39 
Si 1.989 1.960 1.956 1.931 1.892 1.931 1.952 1.968 1.947 1.950 
Ti 0.003 0.008 0.010 0.015 0.012 0.007 0.005 0.002 0.002 0.004 
Al 0.346 0.421 0.107 0.080 0.227 0.123 0.141 0.094 0.241 0.101 
Fe 0.118 0.240 0.341 0.312 0.362 0.262 0.272 0.179 0.173 0.490 
\In 0.001 0.003 0.008 0.007 0.004 0.005 0.005 0.004 0.004 0.010 
0.591 0.439 0.633 0.736 0.608 0.749 0.723 0.783 0.736 0.547 
Ca 0.620 0.544 0.862 0.895 0.834 0.874 0.809 0.902 0.735 0.870 
\a 0.335 0.415 0.128 0.080 0.090 0.072 0.134 0.103 0.186 0.048 
A - Unaltered grains in large eclogite body at Torveneset, W. Otroy. 
B -Omphacite inclusions in garnets from partly retrograded eclogite lens in roadcut between Rakvág and Ugelvik, Otroy. 
C, D -Symplectitic grains intergrown with plagioclase Antt,. Same sample as Analysis B but showing the range of alumina contents 
observed in different spot analyses. 
E -Symplectitic grains in garnet - granulite from Tverrfjella. 
F - Primary 'igneous' grains in metadolerite from Drynasund Lighthouse, W. Mickel. 
G -Corona grains around clusters of orthopyroxene grains in same sample as F. 
H -Inner part of corona adjacent to corona orthopyroxene around primary olivines (Fo) in metadolerite from Drynasund Light- 
house, W. Midoy. 
J -Outer part of corona adjacent to garnet in same sample as H. 
K -Relict grains intergrown with plagioclase in augen gneiss from Sundsb0 roadcut, N.E. Otroy. 
FeOT -Total Fe as FeO. 
Table 3 Representative electron microprobe garnet analyses 
Analysis A B C D E F G H J 
U484 U160 1410 U263 U263 U262 U262 U332 U332 
Sample Inner Outer Inner Outer High Low 








































































































































































Sample locations as in Table 2. FeOT_ total Fe as FeO. 
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Fig. 5 (a) to (e): various discrimination diagrams showing plots of whole rock analyses of samples from the Moldefjord 
region as follows: open circles -eclogites; open triangles -garnet granulites from Tverrfjella; open squares- ortho- 
amphibolites and granulites; solid circles -various calc- silicate bearing and semipelitic gneisses; solid triangles- pelites; 
solid squares -para -amphibolites and granulites 
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In an attempt to clarify further the origin of the 
various garnet- granulites and amphibolites, several 
discrimination plots were constructed including 
analyses of pelites and calc- silicate bearing rocks 
from the Tverrfjella and Molde sequences. 
In all these figures (5b -e) the meta -igneous basal- 
tic rocks lie in a cluster (i.e. eclogites, garnet - 
granulites, and amphibolites) which does not include 
the apparent metasedimentary amphibolites. 
Rather, these occur with the undoubted 
metasedimentary rocks (petites and calc- silicates). 
The para -amphibolites are rather more alkali -rich 
(Fig. 5b) and siliceous, often extremely so (Fig. 5c). 
The diagrams of Moine and of de la Roche (1968) 
(Figs. 5d and 5e) were devised specifically to dis- 
criminate between meta -igneous and metasedimen- 
tary rocks. Although the data do not fall exactly 
within the fields defined by de la Roche we feel that 
there is sufficient consistancy of pattern to define 
two contrasting groups of amphibolites. 
From the relative compositional unconformity of 
the Tverrfjella garnet -granulite and the evidence of 
the discrimination plots we conclude that this rock 
may represent submarine basalt flows interbedded 
with sedimentary material now represented by the 
associated marbles; calc- silicate gneisses (composed 
of garnet, diopside, scapolite, feldspar, and sphene) 
appearing as bands within the marble; amphibolites 
(often feldspathic and rarely garnetiferous), 
kyanite- bearing garnet -biotite pelites and quartzo- 
feldspathic schists. These rocks appear as a defi- 
nite sequence passing from quartzofeldspathic 
schists, through the garnet -granulite with marbles, 
amphibolites, to petites at the top of the Tverrfjella 
sequence. 
Petrogenetic Significance of Metaperidotites 
and Metadolerites 
Variably sized bodies of both of these rocks types 
are conspicuous within the area which we have 
studied. Particularly noteworthy are the garnetifer- 
ous peridotites outcropping between Ugelvik and 
Raknes on the island of Otryy and the large 
metadolerite body at Drynasund on western Midt y. 
The metadolerites are characterized by the fact 
that for the most part they retain an igneous fabric 
but with obvious development of coronas of fine - 
grained garnet and secondary pyroxenes around 
Primary orthopyroxenes and, if present, olivines. 
There are considerable variations in composition 
within these corona phases (Tables 2 and 3) but it 
is clear that the overall . metamorphic trend is 
towards the development of high pressure eclogite 
facies assemblages with pyropic garnets and 
omphacitic clinopyroxenes (cf. Griffin and Róheim 
1973). Although these dolerites have a basaltic rock 
chemistry (Table 1, column D) similar to the com- 
mon bimineralic eclogite lenses, there are certain 
miner chemical differences, notably in K, Rb, Ba, 
Zr, P, and Cr contents. Two splits of hand -picked 
clinopyroxenes from a coarse metadolerite lens 
exposed at Bolgavatnet within the Frei Group 
( Róheim 1972), some 45 km northeast of Molde and 
just south of Kristiansund, have yielded 39Ar -40Ar 
weighted mean plateau ages on stepwise degassing, 
of 428 -± 23 Ma and 421 ± 25 Ma (Lynch 1976) 
with little evidence from the Ar release pattern that 
these rocks have had an older origin. Hence, we con- 
sider that it is more likely that these metadolerites 
represent a suite of later Caledonian intrusives 
(probably emplaced close in time to the attainment 
of the metamorphic 'high') rather than them being 
older (-- 1500 Ma) rocks of the extensive early 
basaltic dyke suite (now represented by the 
thoroughly recrystallized coarse grained eclogites). 
For kinetic reasons these metadolerites have 
partly retained their parent igneous mineralogy 
through having remained as essentially passive 
bodies during the subsequent tectonic events. What 
is certain is that their intrusion and high pressure 
corona development predates the emplacement of 
the common Caledonian granite pegmatite suite 
observed throughout both the Augen Orthogneiss 
and the Paragneiss Complexes. As in eclogite lenses, 
amphibolite haloes are developed around such peg - 
matites where they cut the metadolerite bodies. In 
addition the metadolerites are converted into foli- 
ated amphibole schists where intersected by ENE - 
striking late Caledonian shear zones. 
Geochemical studies of the garnet peridotite 
bodies in the Basal Gneiss Complex suggest an ulti- 
mate mantle origin for these rocks (Carswell 1968; 
Brueckner 1977b). However, it is now considered 
(Carswell and Gibb 1980; Medaris 1980) that these 
peridotite bodies were tectonically intercalated into 
the gneiss complex prior to the equilibration of the 
garnet peridotite assemblages. Indeed these eclogite 
facies assemblages are now thought to have 
developed contemporaneously with the high pres- 
sure assemblages sporadically preserved in 
metabasic, pelitic, and gneissic rocks of the sur- 
rounding Basal Gneiss Complex. 
Tectonometamorphic Implications of 
Deduced P/T Equilibrium Conditions for the 
High Pressure Metamorphic Assemblages 
Judicious interpretation of P/T values obtained from 
various experimentally calibrated mineral ther- 
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mometers and barometers applicable to garnet + 
clinopyroxene ± orthopyroxene ± olivine assem- 
blages indicates values of around 740 ± 50 °C and 
22 ± 5 Kbars for the P/T equilibration conditions 
responsible for the high grade metabasic and 
metaperidotitic assemblages outcropping in this area 
(Krogh 1977; Carswell and Gibb 1980; Carswell et 
al this volume). In view of the evidence for early 
high pressure assemblages in a wide range of rock 
types (including the extensive augen orthogneisses) 
we envisage that these conditions were operative 
over a wide area in this part of More and Romsdal 
region. However, observations of regional variations 
in Fee + -Mg' partition coefficients for gar - 
net-clinopyroxene pairs in eclogites indicate that the 
P/T conditions responsible for the metamorphic 
culmination in the Basal Gneiss Complex were at a 
maximum around Moldefjord and adjacent areas 
along the Norwegian coast and decreased signifi- 
cantly to the southeast (Krogh 1977). Taking into 
consideration both this and recent isotopic age evi- 
dence (Griffin and Brueckner 1980) of a Caledonian 
age for the metamorphic culmination responsible for 
the generation of the eclogite facies assemblages, we 
propose a revised plate tectonic model for the evolu- 
tion of the Basal Gneiss Complex as outlined more 
fully in Cuthbert et al. (1981, 1983). 
We envisage that, following collision of the Green- 
land and Baltic plates during the Caledonian 
orogeny, the Baltic plate was underthrust beneath 
the Greenland plate down a northwesterly dipping 
Benioff Zone (relative to present geography). 
Imbrication of mantle peridotite into crustal gneisses 
situated close to the nose of the downgoing plate is 
thought to have preceded imposition of the P/T con- 
ditions for the metamorphic `high' which may be 
expected to have occurred shortly after cessation of 
subduction and attainment of maximum crustal 
thickness. Subsequent rapid recovery of these rocks 
to near surface by mid- Devonian times is considered 
to have led to varying degrees of retrogression of the 
high grade assemblages depending upon the extent 
of strain induced recrystallization. 
It is apparent throughout the Moldefjord area that 
rocks of both the Augen Orthogneiss and Paragneiss 
Complexes show widespread development of a pro - 
tomylonitic fabric associated with which the early 
high grade mineral assemblages are extensively 
retrograded to lower almandine amphibolite facies 
assemblages. This deformation attenuates and pro- 
gressively eliminates early fabrics and structures and 
is responsible for the dominant steeply dipping ENE 
striking foliation and prominent rodding lineation in 
many of the rocks. We consider that this deforma- 
tion occurred late in the Caledonian orogenic cycle, 
during the final stages of the recovery of these rocks 
to the surface. It is our thesis that the virtual elimina- 
tion of early high grade metamorphic assemblages 
within the Paragneiss Complex rocks in the southern 
part of the area can be attributed to the fact that the 
intensity of this late deformation was at a maximum 
roughly along the present line of Moldefjord itself. 
Summary of the Geological Evolution of the 
Basal Gneiss Complex 
Due to the uncertainty over the age and nature of 
the Paragneiss Complex two alternatives are given in 
the following sequence of events for its role in the 
geological evolution of the Basal Gneiss Complex in 
the Moldefjord area. 
1. Possible deposition and subsequent almandine 
amphibolite facies metamorphism and migmat- 
ization of the sedimentary and volcanic rocks of 
the Paragneiss Complex at around 1700 -1800 
Ma. 
2. Intrusion into the Paragneiss Complex at around 
1500 Ma of the rapakivi- textured quartz mon- 
zonites /granodiorites with subsidiary granitic and 
doleritic sheets now seen as the Orthogneiss 
Complex. This plutonic igneous activity may have 
been related to the extensive suite of anortho- 
site- mangerite -rapakivi granite intrusions em- 
placed between 1450 -1700 Ma in a broad belt 
across Scandinavia and North America con- 
nected with the incipient break -up of the old 
North American -European continent prior to 
the Grenville (Sveconorwegian) orogeny. 
3. Although we have no definite evidence it seems 
unlikely that the rocks in this area entirely 
escaped the tectonometamorphic effects of the 
Grenville (Sveconorwegian) orogeny at around 
900 -1200 Ma. Certainly they lie within the 
Grenville front in Scandinavia as depicted by 
Shackleton (1979). 
4. Our model for the closure and collision of the 
Baltic and Greenland plates, resulting in the 
Caledonian orogeny, is presented in Cuthbert et 
al. (1983); only a synopsis relevant to the rocks in 
Moldefjord is given here but is tenable for both 
possible suggested relationships between the 
Paragneiss and Orthogneiss Complexes. During 
collision the leading edge of the Baltic plate 
underthrust the Greenland plate and suffered 
intense telescoping and imbrication of both 
basement and cover giving a crustal thickness of 
around 80 km. The possible juxtapositioning of 
the two Complexes by thrusting could have 
occurred at that time, with the Orthogneisses 
thrust over basement or perhaps a parautoch- 
thonous unit, and the Paragneisses in turn thrust 
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over the Orthogneisses. The alternative intrusive 
relationship of the two Complexes would require 
that the two behaved as a single unit of crust 
which escaped much of this imbrication. The 
metaperidotites are considered to have been 
incorporated during this imbrication perhaps due 
to thrusts transecting the subcontinental upper 
mantle. There also appears to have been an 
episode of emplacement of mantle derived basal- 
tic magma, resulting in the metadolerite bodies, 
at around the time of maximum crustal thickness, 
approximately 450 Ma. 
5. Imposition of the P/T conditions (740 ± 50 °C, 
22 ± 5 Kbars) for the Caledonian metamorphic 
culmination in the Basal Gneiss Complex occur- 
red shortly afterwards, following thermal 'recov- 
ery' in the imbricated pile (Richardson and 
England 1979). During this high pressure 
metamorphic event eclogite facies mineral 
assemblages were developed in 'dry' metabasic 
rocks and in the metaperidotite bodies and garnet 
(and rare jadeitic clinopyroxene) formed in the 
intermediate -acid orthogneisses. By contrast, 
almandine amphibolite assemblages may have 
remained stable (Bryhni et al. 1977) in certain 
'wetter' metasedimentary/metavolcanic rocks of 
the Paragneiss Complex. Partial melting of the 
latter rocks under the high H2O P conditions may 
have been responsible for the generation of the 
extensive suite of Caledonian granite pegmatites. 
6. During the ensuing rapid, isostatically induced, 
recovery of these rocks towards the surface, the 
early high pressure metamorphic assemblages 
suffered varying degrees of retrogression to low 
almandine amphibolite and ultimately green - 
schist facies assemblages, depending upon the 
extent to which the rocks were affected by associ- 
ated deformation. Where eclogite facies assem- 
blages remained essentially `dry', but deformation 
prompted recrystallization, retrogression pro- 
ceeded only as far as the development of granu- 
lite facies assemblages. The pervasive imposition 
of a low grade protomylonitic fabric in the para- 
gneisses in the vicinity of Moldefjord suggests that 
the final transfer of these rocks to close to the 
surface by mid -Devonian times (- 385 Ma) 
involved extensive shearing, thrusting, and isocli- 
nal folding presumably associated with continued 
compression in the orogen. 
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The metamorphic evolution of Mg -Cr type Norwegian garnet 
peridotites 
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Department of Geology, University of Sheffield, Mappin Street, Sheffield SI 3JD (Great Britain) 
LITHOS Carswell. D.A., 1986. The metamorphic evolution of Mg-Cr type Norwegian garnet peridotites. In: W.L. Griffin (Editor), Second International Eclogite Conference. Lithos, 19: 279 -297. 
Mineralogical and microstructural data are presented which demonstrate that the garnet peridotites 
variably preserved in Alpine -type bodies within the Western Gneiss Region of Norway have had a pro- 
longed. 7- stage. evolutionary history. High- temperature Al- pyroxene : spinel protolith assemblages 
(ass. I) are only rarely preserved but predate the coarse -grained Pmax garnet Iherzolite assemblages (ass. 
II). Porphyroclastic textured samples demonstrate subsequent recrystallisation to a lower - pressure 5- 
phase garnet + spinel lherzolite assemblage (ass. III). Most samples show development of kelyphites of 
intimately intergrown replacement pyroxenes + spinel (ass. IV) around garnets. These are in turn fre- 
quently overgrown by late coarser -grained coronas of orthopyroxene + pargasitic amphibole + spinel 
(ass. V). The chrome- depleted secondary garnets are interpreted to have predated kelyphite formation 
contrary to most previous interpretations. Assemblages VI and VII reflect the late -stage stability at 
reduced temperatures of firstly aluminous chlorite and finally serpentine + talc assemblages. 
As the peridotites may contain up to six generations of certain mineral phases (notably orthopy- 
roxene) and individual grains are frequently compositionally zoned, considerable care has been exercised 
over the selection of mineral compositions appropriate to the various mineral equilibria used to deduce 
the overall P -T path followed by these rocks. Finally, general aspects of the origin and tectonic setting of 
these rocks and of the age of the various observed assemblages are discussed. Whilst the early assemblages 
(I and II) appear to be mid -Proterozoic in age, the later assemblages (III VII) are probably all Caledon- 
ian). 
(Received November 20, 1985; accepted for publication February 15, 1986) 
1. General considerations and regional setting 
Two compositionally contrasted types of garnet 
peridotite bodies occur within the Western Gneiss 
Region of Norway (Carswell et al., 1983). The Fe -Ti 
type occurs, together with volumetrically dominant 
eclogites and garnet websterites, as a component of 
metamorphosed layered complexes judged to have 
originally comprised low- pressure (< 10 kbar), 
plagioclase + olivine bearing, cumulates (Schmitt, 
1964; Jamtveit, 1985). Evidence suggests that the 
prograde high- pressure (eclogite facies) assemblages 
in these rocks, in common with those in associated 
supracrustal lithologies, formed at P -T conditions 
of around 750 -800 °C and 20 kbar during the under- 
0024 -4937/86/$03.50 © 1986 Elsevier Science Publishers B.V. 
thrusting of this continental crust segment (effec- 
tively the leading edge of the Baltic Plate) beneath 
the Greenland Plate during the Caledonian orogeny 
(see. e.g., Krogh, 1977; Cuthbert et al., 1983; Grif- 
fin et al., 1985). 
By contrast the Mg -Cr type garnetiferous per - 
idotite assemblages occur as sporadically preserved 
layers or boudinaged lenses within typical Mg + Cr 
rich (forsteritic olivine dominated), Alpine -type 
peridotite bodies. Occurrences of such garnet per- 
idotites (Fig. 1) have been described by Eskola 
(1921), Bryhni (1961), O'Hara and Mercy (1963), 
Lappin (1966, 1974), Carswell (1968a, b, 1973, 
1981), Medaris (1980, 1984), Carswell et al. (1983) 
and Jamtveit (1984), but details of their origin, 
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Pig. 1. Locality map for Mg -Cr garnet peridotite occurrences 
in western Norway discussed in this paper. 
age and mode of emplacement into the high -grade 
crustal gneiss complex remain controversial. The 
majority of these authors has interpreted such 
peridotite bodies to comprise tectonically inter- 
calated slices of sub -continental upper -mantle rocks 
which have had a different. though possibly con- 
vergent (Medaris. 1980). metamorphic history to 
the eclogite -facies assemblages formed from low - 
pressure crustal protoliths. However, there have 
been some recent suggestions that the Mg -Cr garnet 
TABLE 1 
peridotites may represent prograde metamorphosed 
ophiolitic rocks (Jamtveit, 1984; Griffin and Qvale, 
1985). Either origin seems feasible in the vicinity 
of a major plate suture but contrasts in the P -T 
paths expected to have been followed. as witnessed 
by compositional zoning and mineral inclusion 
evidence in garnets, should enable discrimination 
between the two alternatives (Carswell and Cuth- 
bert. 1986). This paper examines the question of 
these two possible origins for the Norwegian Mg -Cr 
garnet peridotites in the light of a full documenta- 
tion of their metamorphic evolution as deduced 
from petrographic evidence and mineral composi- 
tion data. 
2. Stages in the metamorphic evolutionary history 
It has long been recognised that these garnet 
peridotites represent relicts of early high -pressure 
assemblages which, in common with other eclogite. 
facies assemblages in the Western Gneiss Region, 
have been extensively overprinted and partly re- 
placed by later amphibolite -facies assemblages. 
However. integration of mineralogical and micro - 
structural observations from the various occur- 
Metamorphic evolution of west Norway Mg -Cr `Alpine-type peridotites 
Stage Assemblage Interpretation 
I OI + Opx, + Cpx, ± Sp, -_ Amp, 
11 012 + Opx2 + Cpx2 + Gnt, 
lII 013 + Opx3 + Cpx3 + Gnt2 + Sp2 
IV OI, + Opx, + Cpx, + Sp3 
V 015 + Opxs + Amp2 + Sp, 
VI 016 + Opx6 + Amp, + Chl, 
VII Serp + Talc + Amp, + Ch12 
high -temperature protolith 
(near pervasive ductile deformation) 
coarse -grained eclogite- facies assemblage 
(extensive shear deformation) 
fine -grained neoblast eclogite- facies assemblage 
1 (strain -free decompression) 
kelyphitic granulite- facies assemblage 
1 
(limited deformation) 
coronitic /foliated high amphibolite- facies assemblage 
(restricted deformation in high- strain zones) 
foliated low amphibolite- facies assemblage 
1 
(late -stage brittle fracturing) 
localised greenschist- facies assemblage 
rences (especially those at Ugelvik and Raudhaugene 
on the island of Otr0 in Moldefjord) indicate that 
overall these rocks have in fact had a more complex 
and prolonged metamorphic history. 
The idealised equilibrium mineral assemblages 
considered to have been stable at each of the seven 
stages recognised in the metamorphic evolution of 
these peridotite bodies are outlined in Table 1. 
However, individual samples from particular localities 
invariably contain disequilibrium assemblages which 
reflect the association of mineral phases which 
grew during two or more, but never all seven, of 
the metamorphic stages. 
2.1. Stage 1: olivines + orthopyroxene + clinopy- 
roxene t ± spinel, ± amphibole 
Mineral phases (Table 2) which predate the devel- 
opment of garnetiferous peridotite assemblages in 
these west Norway bodies are only rarely preserved. 
However, relict early aluminous orthopyroxene 
megacrysts (opx1) which show evidence of extensive 
garnet and clinopyroxene exsolution have been 
described from Ugelvik, Otrby (Carswell, 1973; 
sample U95) and from Sandvika, Gursk¡hy (Cars- 
well et al., 1983; sample E38). The sample from 
the latter locality also contains early aluminous 
spinel (Spt) with reaction coronas of garnet, clino- 
pyroxene with extensive fine -scale orthopyroxene 
TABLE 2 
Compositions of mineral phases in Stage I protolith assemblages 
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and rutile exsolution, and an early amphibole in 
apparent textural equilibrium with the aluminous 
pyroxenes + spinel + olivine assemblage. It is of 
interest to note that this amphibole (Ampi) has 
a relatively TiO2 + K20 enriched conlposi:ion com- 
parable to that occurring as rare early strained por- 
phyroclasts in garnet peridotites at Kalskaret. Ta- 
fjord (Al- Samman. 1985: sample T98). On the 
other hand. petrographic evidence is compatible 
with the interpretation that this latter amphibole 
in certain Kalskaret samples was in equilibrium 
with the Stage Il garnet lherzolite assemblage and 
adjacent small recrystallised amphibole grains with 
the Stage III garnet + spinel iherzolite neoblast 
assemblage. Large clinopyroxene clasts in peridotite 
at the Kalskaret locality occasionally contain elon- 
gated garnet blebs (Carswell, 1968a; Al- Samman, 
1985; Figs. 4 -10), which strongly suggests that 
they originally had more aluminous compositions. 
In addition, Lappin (1973. 1974) has described con- 
vincing evidence of exsolution of both garnet and 
orthopyroxene lamellae and blebs from large clino- 
pyroxene clasts within a garnet -poor pyroxenite 
(samples 6912 and 6095) in the peridotite body at 
Sunndal -Grubse, Almklovdalen. 
Taken together these various pieces of evidence, 
albeit from geographically scattered localities. 
indicate that the garnet- bearing assemblages in these 




























Si02 518 55.0 52.3 52.6 51.8 0.11 42.0 46.5 
TiO2 0.10 0.03 0.01 0.05 0.57 0.04 1.81 0.81 
A1203 4.79 4.16 4.21 3.88 4.51 5 5.6 13.0 11.2 
Crz03 0.24 0.62 0.17 0.17 0.47 7.60 0.57 0.27 
Fe203 n.d. 0.55 1.52 1.52 n.d. 4.76 n.d. n.d. 
FeO 9.16 3.91 6.41 5.90 3.71 13.5 6.15 5.24 
Mn0 0.24 0.10 0.14 0.25 0.09 0.12 0.06 0.02 
Ni0 0.09 0.10 0.06 0.03 0.04 0.46 0.11 n.d. 
MgO 30.4 32.7 16.3 16.4 15.7 17.5 17.2 18.6 
CaO 0.77 1.98 17.0 17.5 21.9 n.d. 11.4 11.6 
Na20 0.01 0.19 1.18 1.26 0.84 n.d. 2.39 3.21 
K20 n.d. 0.00 n.d. n.d. n.d. n.d. 1.13 0.24 
Total 99.6 99.3 99.3 99.6 99.7 99.7 95.8 97.6 
The first 4 analyses represent calculated compositions for Stage I pyroxenes assuming integration of exsolved phases. Other 
analyses are direct electron microprobe determinations. Calculated analyses for the clinopyroxenes from the Sunndal -Grubse 
body at Almklovdalen are from Lappin (1974). n.d. = not determined. 
Stoichiometrically calculated value. 
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ture assemblages involving markedly aluminous 
pyroxenes (around 4 -5 wt.% A1203) with aluminous 
spinel (XSZ 0.9) and pargasitic amphibole as pos- 
sible additional phases. 
2.2. Stage II: olivine2 + orthopyroxene2 + clinopy- 
roxene 2 + garnet 
The west Norway garnet -bearing peridotites 
characteristically have markedly inequigranular tex- 
tures with large strained clasts (up to 2 cm across) 
of orthopyroxene. clinopyroxene, garnet and more 
rarely olivine set in a much finer -grained matrix of 
essentially strain -free grains. Close petrographic 
observation indicates that the matrix comprises 
recrystallised neoblasts of all four phases, although 
in the majority of samples garnet and clinopyroxene 
have been at least partly replaced by later pargasitic 
amphibole and spinet. An additional petrographic 
feature is that garnets are usually mantled by broad. 
mineralogically complex. kelyphite reaction rims 
(Figs. 5C and D) developed in response to the in- 
stability of the Pmax garnet + olivine assemblage 
on the declining P -T path which led to the ultimate 
surface exposure of these rocks. 
Garnet peridotite sample U8 from Raudhaugene. 
Otrgy, is an important, although relatively un- 
common, type in that it retains evidence of recrystal- 
lisation of a coarse- grained Stage II clast assemblage 
to a subsequent fine -grained Stage III neoblast as- 
semblage without the superimposed effects of later 
kelyphite development and growth of replacement 
amphibole. Accordingly in the following account 
petrographic features, mineral compositions and 
zoning profiles in sample U8 are detailed and con- 
trasted with those in sample U92 from the small 
quarry by the harbour at Ugelvik, OtrySy, which is 
typical of those garnet peridotites which show ex- 
tensive development of kelyphites around garnets 
and of later replacement amphibole. In view of its 
importance further data are also presented and 
discussed for sample U95 from Ugelvik (cf. Cars- 
well, 1973). Mineral analyses are given not only for 
the large (1 -5 cm) orthopyroxene megacrysts and 
the exsolved garnet and clinopyroxene, but also 
for the immediately adjacent foliated garnet per - 
idotite assemblage observed to have formed through 
recrystallisation at the margins of the strained ortho- 
pyroxene porphyroclasts. Garnets in this adjacent 
foliated garnet peridotite typically have narrow 
kelyphite reaction rims mantled by later coarse - 
grained replacement amphibole. 
Electron microprobe analyses of the various 
mineral phases in these three samples are detailed 
in Tables 3 -5. Most quoted analyses are averages 
for several point analyses of the particular types 
of mineral grains indicated. However, since the 
larger garnet grains are compositionally zoned espe- 
cially xvith respect to Fe /Mg ratios. the most ex- 
treme compositions determined for grain rims are 
also quoted in these instances. All compositions 
were obtained by wavelength dispersion analysis 
using a Cambridge Instruments Microscan IX at 
the University of Sheffield. 
As in most other garnet peridotite samples. the 
porphyroclast phases in U8 are compositionally 
zoned - most notably and importantly the garnets 
and orthopyroxenes (Fig. 2). Such zoning is con- 
sidered to have evolved through inter- and Mira- 
crystalline element diffusion in response to element 
exchange reactions operational during subsequent 
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Fig. 2. A. Zoning profile across garnet porphyroclast (Gntl) 
in garnet peridotite sample U8 from Raudhaugene, Otr!Y 
B. Zoning profile across orthopyroxene porphyroclast 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































Mineral compositions in partly amphibolitised garnet peridotite U92 - Ugelvik, Otrçby 
Mineral Garnet Garnet Garnet Opx Opx Opx Opx 
Textural Grain Grain Most Grain Grain Secondary Collars 
type cores rims extreme 
rim 




Growth stage II II II IIl III IV V 
Mineral 
generation 1 lm 1m 3 3m 4 5 
Si02 41.4 41.2 40.7 57.7 57.2 56.9 56.5 
TiO2 0.02 0.03 n.d. 0.04 0.05 0.05 0.05 
A1203 21.7 21.5 21.4 0.68 1.21 1.53 2.16 
Cr,03 2.35 2.62 2.71 0.11 0.17 0.29 0.11 
FeOT 11.2 11.6 12.4 7.78 8.10 8.70 8.89 
MnO 0.82 0.92 0.98 0.21 0.18 0.32 0.26 
NiO n.d. n.d. 0.05 0.06 0.03 0.11 0.10 
MgO 17.7 17.1 17.0 33.7 33.2 32.5 32.2 
CaO 5.06 5.38 4.79 0.18 0.20 0.24 0.25 
Na20 n.d. n.d. n.d. 0.01 0.01 0.00 0.01 
K20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Total 100.2 100.2 100.1 100.4 100.3 100.6 100.6 
Ense.s En82.9 Ens6.9 Ens6.6 
FeOT - total Fe as FeO; m - signifies that mineral composition subsequently modified during 
later metamorphic stage; s - stoichiometrically calculated values, Sp2 : Fe203 = 2.35, residual 
FeO = 21.9, and Sp3_4 : Fe203 = 1.64, residual FeO = 15.6; n.d. - not determined. 
The zoning profiles of the large garnet clasts in 
U8 (Fig. 2A), characterised by notably increasing 
Fe0 /Mg0 ratios from cores to rims, are similar 
to those recorded in many other west Norway garnet 
peridotite samples (Carswell et al., 1983; Medaris, 
1984; D.A. Carswell and A.H. Al- Samman, unpub- 
lished data, 1985). However, the degree to which 
such zoning is preserved in individual garnet grains 
in particular samples clearly depends on the ex- 
tent of subsequent garnet breakdown reactions 
(e.g., kelyphite development). Fe -Mg zonation is 
less marked in clinopyroxene clasts but calculated 
KtG e « partition coefficients increase from clast 
cores to rims, indicating that the zonation has prob- 
ably developed in response to declining tempera- 
tures and possibly also pressures (Ellis and Green, 
1979). 
Zoning profiles for orthopyroxene clasts in U8 
(Fig. 2B) show decreasing A1203 contents from 
cores (mean value 1.05 wt. %), to rims (mean value 
0.74 wt. %). This trend correlates with the observed 
decreased A1203 contents of the orthopyroxene 
neoblasts in U8 (mean value 0.52 wt. %) which have 
formed through recrystallisation of the strained 
orthopyroxene clasts. Fig. 3 illustrates the full 
extent of the variation in A1203 content in individ- 
ual spot analyses of the various textural types of 
orthopyroxene grains in U8, with the highest con- 
tents being for clast cores and the lowest for re- 
crystallised neoblasts. By contrast, large matrix 
orthopyroxenes in sample U92 (Fig. 4B) show a 
significant increase in A1203 content from grain 
cores (mean value 0.68 wt. %) to grain rims (mean 
value 1.21 wt. %). Similar A1203 values and zoning 
profiles have been determined in texturally com- 
parable orthopyroxenes from most other analysed 
west Norway garnet peridotite samples (cf. Cars- 
well et al., 1983, fig. 6; Medaris. 1984, fig. 8). It is 
nu) 
: 00 
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Fig. 3. A1203 contents for single spot analyses of orthopy- 
roxene porphyroclasts Opx, (open squares) and neoblasts 
Opx, (solid squares) in garnet peridotite sample U8 from 
Raudhaugene, OtrOy. 
Cpx Cpx ('px Spinel Spinel Olivine Olivine Amph Amph 
Grain Grain Secondary Grain Secondary .Clasts Neohlasts Outer Discrete 









111 III IV III IV -V II III V v 
3 
3m 4 2 3-4 2 3 2 2 
54.5 54.5 54.4 0.00 0.00 40.6 40.2 47.4 46.7 
0.04 0.04 0.12 0.16 0.05 n.d. n.d. 0.61 0.27 
1.07 0.83 1.17 23.5 46.5 n.d. n.d. 12.0 12.7 
0.68 0.34 0.39 43.0 20.0 n.d. n.d. 1.08 1.71 
1.82 1.90 2.37 24.05 17.15 11.6 13.4 4.01 3.40 
0.08 0.06 0.11 0.46 0.23 0.19 0.28 0.09 0.08 
0.03 0.03 0.03 0.06 0.17 0.41 0.39 0.08 0.09 
1'.1 17.5 17.1 8.89 15.2 47.6 46.4 18.6 18.6 
23.5 24.6 24.0 n.d. n.d. n.d. n.d. 12.8 12.6 
0.48 0.33 0.23 n.d. n.d. n.d. n.d. 1.79 2.14 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 0.08 
99.3 100.0 99.9 100.0 99.3 100.4 100.6 98.3 98.5 
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important to appreciate that, unlike in U8, these 
latter samples are all characterised by kelyphitic 
reaction rims around garnets and considerable growth 
of late replacement amphibole. Accordingly it is 
significant that in respect of their higher A1203 
contents and lower Mg /(Mg + Fe) ratios (cf. Table 4) 
the rims of the large matrix orthopyroxenes in these 
samples approach the composition of the later 
orthopyroxene phases (Opx4 and Opxs) which 
have. on textural evidence, clearly grown as a result 
of garnet breakdown reactions. 
On the basis of the above observations porphyro- 
clast core compositions in sample U8 (Table 3) are 
judged to be best representative of the 4 -phase 
garnet lherzolite assemblage stabilised during stage 
II of the metamorphic evolution of these peridotite 
bodies. On the other hand, orthopyroxene clast 
rim compositions in U8 are considered to have been 
modified during the subsequent deformation in- 
duced recrystallisation to the stage III 5 -phase garnet 
+ spinel lherzolite assemblage. 
Fig. 4. A. Zoning profiles across two matrix spinel grains 
(Sp2_3) in garnet peridotite sample U92 from Ugelvik, 
OtrOy. 
B. Zoning profile across large matrix orthopyroxene (Opx3_4) 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Despite the previously mentioned uncertainty 
over the interpretation of the scarce early amphibole 
porphyroclasts in certain Kalskaret samples. it is 
apparent that at least for the most part the garnet - 
iferous assemblages of both Stages II and Ill were 
amphibole free. This implies that in general the 
activity of H2O in these peridotites was too low to 
stabilise amphibole in these particular assemblages 
under the then prevailing P -T conditions. 
2.3. Stage /11. olivine3 + ortlwpyroxene3 + clinopy- 
roxene3 +garnet2 + spinel2 
In sample U8 the large garnet porphyroclasts 
(Gnt i) can he observed to have recrystallised. both 
at margins and along internal fractures (Figs. 5A 
and B). to a fine-grained mosaic aggregate of sec- 
ondary garnet and red chrome spinel (X¿; = 0.39). 
The garnet neoblasts (Gnt2) are notably less chro- 
miferous (mean value 0.91 wt.% Cr2O3) than the 
primary garnet clasts (mean value 2.20 wt.% Cr2O3 
in cores). They also characteristically have lower 
TiO2 contents. Similar, lower chrome, secondary 
garnets have been recorded in other samples from 
the Otrgy localities (D.A. Carswell, unpublished 
data. 1984) and from Kalskaret (Al- Samman, 1985), 
Sandvika (Carswell et al., 1983) and Almklovdalen 
(Griffin and Heier, 1973). However, in these other 
samples textural relationships between the two 
generations of garnet grains have been partly obscur- 
ed by the subsequent development of kelyphite 
at garnet grain boundaries (cf. Figs. 5C and D; also 
Carswell et al.. 1983, fig. 3). 
Griffin and Heier (1973) concluded that the 
secondary garnet has grown after kelyphite forma- 
tion through reversal of the reaction garnet + olivine 
- orthopyroxene + clinopyroxene + spinel respon- 
sible for kelyphite development. However, this is 
clearly not the case in sample U8, where micro - 
structural evidence and its intimate association 
with chrome spinel indicates that the secondary 
garnet developed through direct strain -induced 
breakdown and recrystallisation of original more 
chromiferous garnet according to the multivariant 
reaction of Cr -rich garnets + olivine2 + orthopy- 
roxene2 + clinopyroxene2 - Cr poor garnet2 + Cr 
spinelZ + orthopyroxene3 + clinopyroxene3. 
This reaction from a Stage II 4 -phase garnet 
lherzolite to a Stage III 5 -phase garnet + spinel 
lherzolite assemblage may be expected to have 
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occurred in response to deformation at decreased 
ambient lithostatic pressures during the exhumation 
history of such deep -level. high- pressure, rocks 
(MacGregor, 1970; O'Hara, 1975; O'Neill, 1981). 
Compositions of neoblasts of all five mineral 
phases stable at Stage Ill in the metamorphic evolu- 
tion of these peridotites are best represented in 
sample U8 (Table 3). As in other samples, olivine 
neoblasts are somewhat less forsteritic than por- 
phyroclasts. Precise characterisation of olivine com- 
positions during each of the metamorphic stages 
I -VI is not possible since it is difficult to assess the 
extent of olivine re- equilibration during the various 
stages. An overall trend towards lower forsterite 
contents in the later -stage olivines (especially on 
garnet breakdown) is, however. apparent. 
As noted above in U8 the lower -Al2O3 orthopy- 
roxene clast rim compositions (mean value 0.74 
wt. %) reflect re- equilibration with the Stage III 
5 -phase garnet + spinel lherzolite assemblage. The 
cores of the matrix orthopyroxenes in other garnet 
peridotite samples (e.g., U92, Table 4) mostly have 
similar low Al2O3 contents (e.g.. range 0.29 -0.68 
wt. %, mean 0.50 wt.% in fourteen OtrOy samples). 
The implication of the evidence from orthopyroxenes 
in sample U8 is that such low -Al2O3 orthopyroxene 
compositions probably also reflect re- equilibration 
with a Stage III 5 -phase garnet + spinel lherzolite 
assemblage. In this connection, orthopyroxene 
compositions (Table 5) and zoning profiles (Fig. 6) 
determined in sample U95, with the large exsolved 
orthopyroxene megacrysts, are also enlightening. 
The orthopyroxene megacrysts in U95 have 
uniformly low Al2O3 contents (mean value 0.41 
wt. %) except immediately adjacent to the garnet 
exsolution lamellae where the Al2O3 content dramat- 
ically increases to an average of 0.82 wt. %. Such an 
increase cannot be related to the exsolution stage, 
rather it must have evolved during subsequent meta- 
morphic stages. Indeed the optically visible presence 
of minor replacement amphibole along some garnet - 
orthopyroxene interfaces suggests that it may well 
reflect later instability of garnet. Such an inter- 
pretation seems to be borne out by evidence from 
the immediately adjacent foliated garnet peridotite 
which contains discrete orthopyroxenes with low - 
Al2O3 cores and higher -Al2O3 rims. This garnet 
peridotite is heavily retrograded with kelyphite 
rims around garnets and considerable growth of 
late amphibole in the rock matrix. 
It is also important to note the presence of dis- 
crete chrome spine) grains in the matrix of the 
adjacent foliated garnet peridotite in U95 as well 
as numerous minute chrome spinet inclusions direct- 
ly enclosed in the exsolved orthopyroxene mega - 
crysts. Hence. the low Al2O3 contents of the ortho- 
pyroxene megacrysts (away from garnet exsolution 
lamellae) and in the cores of the matrix orthopy- 
roxenes are considered to reflect equilibration with 
a Stage III garnet + spinet Iherzolite assemblage 
during attendant deformation, as likewise with the 
low -Al2O3 core compositions of matrix orthopy. 
roxenes in most other west Norway garnet peridotite 
sam pies. 
The compositional zoning in the larger match 
spinets. as in sample U92 (Fig. 4A) is also signifi- 
cant. The chrome -rich spinet cores (X.P = 0.53) 
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Fig. 5. A and B. Deformation induced recrystallisation at margins of garnet porphyroclasts (Gnt,) to finer- grained neoblasts of 
secondary less chromiferous garnet (Gnt2) together with chrome spinel (Sp;) which appears opaque. Sample U8 from Raud- 
haugene, Otr¢y. Width of field of view across photographs is approximately 2 mm. 
C. Relict garnet porphyroclast core (Gnt,) preserved within broad kelyphite reaction rim of secondary pyroxenes and spinel 
(assemblage IV). Note how smaller garnet neoblasts (Gnt2) adjacent to the large deformed "and elongated garnet clast have been 
entirely replaced by kelyphite. Hence the deformation and garnet neoblast formation predated kelyphite development. Garnet 
peridotite sample U29 from Ugelvik, Otrity - field of view approximately 5 mrn. 
D. Large garnet porphyroclast entirely replaced by semi- opaque kelyphite of secondary pyroxenes + spinel (assemblage IV) in 
turn mantled by a corona of coarser - grained orthopyroxene + pargasitic amphibole + spinel (assemblage V). Heavily amphibol- 





















Fig. 6. A1203 zonation across orthopyroxene megacryst (Opx,) with exsolution lamellae of garnet and clinopyroxene in sample 
U95 from Ugelvik, Otridy. Note the development of visibly apparent amphibole along at least some garnet -orthopyroxene inter 
faces. 
orthopyroxene cores as part of a Stage III garnet + 
spinel therzolite assemblage, whereas the more 
aluminous spinel rims are comparable in composi- 
tion to later spinels (X? = 0.22) formed as a result 
of garnet breakdown (Table 4) which equilibrated 
with later higher -Al orthopyroxene compositions 
(viz. matrix grain rims + grains spatially associated 
with garnet breakdown). 
2.4. Stage IV: olivine4 + orthopyroxene4 + clinopy- 
roxene4 + spinel3 
The coexisting pyroxenes and spinel of this as- 
semblage take the form of fine -grained filamental 
intergrowths which comprise the inner, radial growth, 
parts of the kelyphite reactions rims (Figs. 5C and D) 
around garnets. This assemblage has developed as 
a result of the down- pressure reaction garnet + 
olivine -> orthopyroxene + clinopyroxene + spinel. 
It is reasonable to expect these replacement py- 
roxenes and spinel all to be significantly more alu- 
minous than those associated with the earlier garnet - 
bearing assemblages of Stages II and III. Unfortunate- 
ly, the spinels are too small to analyse and their 
wide dispersal throughout the associated pyroxenes 
mostly prevents their analysis as well. However, 
analysis was possible of occasional spinel -free areas 
of the pyroxenes, which occur towards the outer 
edges of some radial kelyphites. Such analyses (Table 
4) confirm the more aluminous character of Opx4 
and Cpx4. 
Kelyphite reaction rims are most strikingly devel- 
oped around the large chromiferous garnet clasts 
(Gntt). However, petrographic evidence in the Otrgy 
garnet peridotite samples (e.g., Fig. 5C) demon. 
strates that kelyphites have frequently also formed 
around the smaller garnet neoblasts (Gnt2) observed 
adjacent to the large deformed garnet clasts. Clearly 
kelyphite formation postdates the deformation 
responsible for the development of the impressive 
mosaic porphyroclastic texture associated with 
recrystallisation to the Stage III assemblage in these 
rocks. There is in fact little or no post -kelyphite 
deformation apparent in most Otryhy garnet peridotite 
samples unlike at many other west Norway localities 
(notably at Almklovdalen) where kelyphites corn 
monly have been deformed, attenuated and ultimate. 
ly recrystallised into the later amphibole + chlorite 
bearing assemblages of Stages V and VI (e.g., Medaris, 
1980, fig. 4A). 
2.5. Stage V: olivines +orthopyroxene5 +amphibole: 
+ spinel4 
The inner radial kelyphite intergrowths of sec. 
ondary pyroxenes + spinel are frequently mantled 
by coarser -grained coronas of orthopyroxene + am' 
phibole + spinel (Fig. 5D). This later orthopyroxene 
(Opx5) frequently forms nearly continuous collars 
around the inner fibrous kelyphites. It character 
istically has a lower Mg /(Mg + Fe) ratio and is dis. 
tinctly more aluminous than the orthopyroxenes 
(Opx2 and Opx3) equilibrated with the earlier garnet 
bearing assemblages. The spinel is a relatively a1f" 
minous variety (41 1= 0.7 -0.8) and the amphibole 
a green, chrome -bearing, pargasite. 
The lower temperatures and /or increased water 
activity at this stage in the metamorphic history 
have commonly resulted in further growth of com- 
parable amphibole grains in the rock matrix. There 
is often textural evidence that such amphibole has 
replaced, at least in part, the earlier matrix clino- 
pyroxenes (Cpx2 and Cpx3). 
2.6. Stage VI: olivine6 + orthopyroxene6 + amphi- 
bole3 + chlorite, 
Further reduction in temperature and /or increased 
water activity has resulted in the stability of a 
chronic -bearing magnesian chlorite as the dominant 
Al- bearing phase in these rocks, at the expense 
of Opxs. Ampli2 and Sp4. This stage in the overall 
metamorphic evolution has been reached only in 
those peridotite bodies which have been subjected 
to significant late -stage deformation and is con- 
sequently absent in the analysed Otrgy samples. 
The chlorite frequently coexists with a low -Al trem- 
olitic amphibole and an essentially Al -free ortho- 
pyroxene (e.g., 0.00 -0.02 wt.% A1203 in nine Ta- 
fjord area samples; Al- Samman, 1985). 
The foliated chlorite + tremolitic amphibole + 
enstatitic orthopyroxene bearing peridotites which 
dominate most of the peridotite bodies within 
the Western Gneiss Region of Norway have evolved 
to this metamorphic stage. It is reasonable to con- 
clude that garnet + clinopyroxene bearing assem- 
blages were previously present in such rocks but have 
been entirely replaced by low amphibolite facies 
assemblages in response to extensive deformation 
under retrograde metamorphic conditions. Certain 
metasomatic fracture veins. notably in peridotite 
bodies in the Tafjord area (Carswell et al., 1974; 
Al -Sam man. 1985) comprise similar low amphibolite 
facies mineral phases - chlorite. tremolitic am- 
phibole. enstatitic- orthopyroxene and locally antho- 
phyllite. More dispersed metasomatic growth of 
late (Stage VI) essentially Al -free enstatitic ortho- 
pyroxene at the expense of olivine, is also quite 
common in certain of these peridotite bodies. 
2.7. Stage VII: serpentine + talc + amphibole4 + 
chlorite2 
Petrographic evidence for the very late -stage 
replacement of earlier olivines by serpentine and of 
orthopyroxenes by talc and serpentine is common 
place along late fracture veins but more pervasively 
in the Otrsby peridotite bodies which are now for 
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the most part heavily serpentinised. Essentially Al- 
free tremolitic amphibole and relatively ferriferous 
chlorite may also be stable phases at this stage but 
are difficult to discriminate from possible relict 
Stage VI phases. Increased CO2 activity has resulted 
in localised magnesite formation at this stage and 
in addition magnetite grains are often conspicuous- 
ly present as a result of oxidation during serpentini- 
'sation. Serpentinisation has invariably resulted in 
an increased Fe"/(Fe' + Fe') ratio in the rocks 
concerned. 
3. Pressure -temperature path for metamorphic evolu- 
tion 
From the foregoing account it is apparent that 
these peridotite bodies have had a prolonged and 
complex metamorphic history. The general form of 
the P -T path followed by these bodies (see Fig. 8) 
may be deduced through reference to available ex- 
perimental data on the stability fields of the various 
peridotite assemblages (O'Hara, 1967; O'Hara et al., 
1971; Evans, 1977; Jenkins, 1981, etc.). More precise 
values for the actual P -T conditions of equilibration 
of particular assemblages may be obtained through 
application of various experimental or semi -empirical 
calibrations of thermometers and barometers based 
on element exchange between coexisting minerals. 
Particularly useful in this respect are considera- 
tions of the extent of solid solution between coexist- 
ing pyroxenes (Wells, 1977), of Fe"-Mg' partition- 
ing between garnet -clinopyroxene (Mori and Green, 
1978; Ellis and Green, 1979), garnet -orthopyroxene 
(Harley, 1984) and garnet -olivine (O'Neill and Wood, 
1979) pairs. and of the content of octahedrally co- 
ordinated aluminium (XA1) in orthopyroxenes in- 
volved in garnet- orthopyroxene (Wood, 1974; Harley 
and Green, 1982; Nickel and Green, 1985), and 
spinel -orthopyroxene -olivine (Sachtleben and Seck, 
1981) equilibria. 
Exsolution of coexisting pyroxene as well as 
garnet lamellae from the earliest pyroxenes (Opxr 
and Cpxr) clearly indicates the high- temperature 
character of the Stage I spinel Iherzolite protolith 
assemblage. The Stage I pyroxene compositions 
in samples E38 and U95 (Table 1) may well represent 
igneous phases which crystallised directly on the 
solidus curve for peridotite with small amounts 
of H2O and /or CO2 at P -T conditions of around 
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1100 -1200 °C and 10 -20 kbar during an upper - 
mantle melting event. Certainly the subsequent 
Stage II garnet Iherzolite assemblage can be con- 
fidently taken to have formed at markedly lower, 
sub -solidus. temperatures. 
Overall six different generations of orthopy- 
roxene have been recognised in these Norwegian 
peridotites. Moreover, exsolution and chemical 
zoning in individual grains indicate that the corn- 
positions of the earlier orthopyroxenes have been 
modified. at least in part. during the later stages of 
the metamorphic history. Considerable care must 
obviously be exercised over the selection of mineral 
compositions to be combined when considering 
the various element -exchange mineral equilibria. 
In particular the identification of the orthopyroxene 
compositions which equilibrated with Gntt and 
Gilt, in these rocks is crucial to the deduction of 
equilibration pressures for the assemblages con- 
cerned. 
Textural relationships provide important, but 
not always entirely unequivocal. evidence on 
equilibrium or disequilibrium between associated 
mineral phases. In addition a comparison between 
observed and experimentally determined element 
partition data can also be used to confirm whether 
selected assemblages (combined compositions) rep- 
resent equilibrated systems. Such a test can be 
performed with reference to Figs. 7A and B, in 
which analytically determined Fe -Mg partition data 
in the three samples detailed in this paper (together 
with data for two other Otrk garnet peridotite 
samples U29 and U88 - which show more extreme 
compositional zonation in garnets) are plotted with 
reference to experimentally determined element 
distributions (Mori and Green, 1978). Such diagrams 
confirm that sample U8 contains the best equilibrated 
and highest -temperature, porphyroclast core, garnet 
Iherzolite assemblage. By contrast the garnet lherzol- 
ite clast core assemblages in samples U29, U88 and 
U92 (all characterised by lower -Al orthopyroxene 
core compositions) do not appear to represent 
suitably equilibrated assemblages. 
Following confirmation that the clast core as- 
semblage in U8 seems best representative of an 
equilibrated 4 -phase garnet llierzolite assemblage 
formed during Stage II in the metamorphic evolu- 
tion, corresponding P -T conditions for this meta- 
morphic stage have been calculated (Table 6) from 
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Fig. 7. Correlation diagrams for Fe -Mg partitioning be 
tween garnet- clinopyroxenc. g arnet -orthopyroxene and gar- 
net-olivine pairs in specified garnet peridotite samples from 
Otr,y. Note that the values indicated for sample U95 se 
for grain core assemblages in the foliated garnet peridotite 
adjacent to the exsolved orthopyroxene megacrysts. The 
temperature -calibrated correlation lines have been calculated 
from the experimental data of Mori and Green (1978). 
In keeping with Mori and Green's formulation of the FeINIg 
partition coefficients all Fe present in these minerals nts 
taken as Fe='. 
mineral equilibria. However. even with a limited 
choice of permutations of available thermometers 
and barometers there is a considerable range in 
calculated temperatures (715- 847 °C) and pressures 
(18.4 -293 kbar). Such variations may be attributed 
to factors such as different closure temperatures 
for element exchange in different minerals and 
hence different susceptibilities of minerals to modifi- 
cation during the subsequent cooling history of 
these rocks. There are further problems connected 
with the rather low XÁi content of the orthopy 
roxene and the corrections necessary to take account 
of Fe', Fe" and Cr" contents in the M1 sites. 
All calculated paired P -T values for the Stage ll 
assemblage in U8 lie within the experimentally deter 
mined garnet Iherzolite stability field (O'Hara et 
al., 1971) and there are no additional constraints 
available which permit unprejudiced rejection or 
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TABLE: 6 
Calculated temperature /pressure estimates for equilibration of assemblages II and III in porphyroclastic garnet peridotite sample 
U8 from Raudhaugene, Otrrpy, west Norway 
Thermometer /barometer used in calculation Assemblage Il Assemblage Ill 
Clast cores Clast rims Neoblasts 
Wells (1977), Wood (1 974) 759°C, 20.8 khar 738°C, 24.6 khar 745°C, 29.4 kbar 
Ellis and Green (1979). Wood (I 974) 805°C. 23.5 kbar 831°C, 30.4 kbar 840°C, 35.7 khar 
Mori and Green (1978) -K Gnt -('px Wood (1974) 
1 e-Mg 779°C, 22.0 kbar 772°C, 26.7 kbar 792°C, 32.5 kbar 
O'Neill and Wood (1979), Wood (1974) 715°C, 18.4 kbar 685°C, 25.4 kbar 
Harley (1984): Harley and Green (1982) 847°C, 29.3 kbar 853°C, 35.5 kbar 836°C, 37.9 kbar 
Wells (1977), Nickel and Green (1985) 759°C, 26.1 khar 738°C, 30.4 kbar 745°C, 33.8 kbar 
Wells (1977), O'Neill (1981) 5 -phase assemblage 745°C, 21.2 kbar 
selection of particular values. Mean values and stan- 
dard deviations are 777 ± 41°C and 23.4 ± 3.6 kbar, 
but there is no real justification for averaging the 
various P -T estimates. 
It is clear from the Fee + -Mg partition plots in 
Fig. 7 that the clast rim compositions in U8, as 
indeed in other samples, reflect the influence of 
decreased temperatures during the subsequent meta- 
morphic stages. However, the extent of Fee + -Mg 
zonation in porphyroclasts in U8 is small corn- 
pared that observed in samples such as U29. This 
probably reflects the fact that clast compositions 
in U8 have been essentially unaffected and unmodi- 
fied by reactions associated with metamorphic 
stages IV and V. unlike in most of the other OtrOy 
garnet peridotite samples. Calculated mean P -T 
values and standard deviations for the clast rim as- 
semblage in U8. using the same thermo- /barometric 
methods (Table 6) as for the clast cores. are 786 
± 55 °C and 29.5 ± 3.7 kbar. Corresponding values 
for the neoblast assemblage in U8 are 773 ± 55 °C 
and 32.4 ± 4.1 kbar. Although there is again no 
real justification for averaging the various values 
obtained, these mean values for the clast rim and 
neoblast assemblages do serve to emphasise their 
anomalous character, since general mineralogical 
considerations such as the Fee + -Mg partitioning be- 
tween the mineral phases (Fig. 7) and the observed 
breakdown of a 4 -phase garnet lherzolite assem- 
blage to a 5 -phase garnet + spinel lherzolite assem- 
blage strongly indicate decreasing P -T conditions 
from Stages II to III..' 
The erroneous higher P -T values calculated for 
the Stage III neoblast assemblage stem from the 
reduced XA11 contents of the orthopyroxenes con- 
cerned. However, the various P -T dependent calibra- 
tions of the garnet -orthopyroxene geobarolneter 
utilised (Wood, 1974; Harley and Green. 1982: 
Nickel and Green. 1985) take no account of the 
influence of spinel as an additional Al- bearing phase 
in the peridotite assemblage. The experimental 
studies of MacGregor (1970) and O'Neill (1981) 
have demonstrated that the presence of Cr203 in 
natural peridotites will result in the stability of a 
5 -phase garnet + spinel lherzolite assemblage at 
pressures intermediate between the higher -pres- 
sure garnet lherzolite and lower -pressure spinel 
lherzolite fields. Accordingly. it is necessary to 
consider mineral equilibria in the 5 -phase garnet 
+ spine! + orthopyroxene + clinopyroxene + olivine 
assemblage rather than just the 4 -phase assemblage 
(without spinel) in order to derive the equilibra- 
tion conditions for the Stage III assemblage. Ap- 
propriate experimental data for this are currently 
rather limited. However, it seems significant that, 
at an estimated temperature of 745 °C as indicated 
by the two -pyroxene solvus thermometer of Wells 
(1977). an appreciably lower pressure of 21.2 kbar 
is indicated for the Stage III neoblast assemblage in 
sample U8 using the geobarometric expression 
derived by O'Neill (1981) for such 5 -phase assem- 
blages. It should be noted that this pressure has 
been calculated after adoption of a -10% correc- 
tion (H.St.C. O'Neill, pers. commun., 1982) to 
the provisional pressure calculated for the garnet 
lherzolite spinel lherzolite reaction in the C'MAS 
system, compared with the values indicated by 
O'Neill (1981). 
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There is some uncertainty over the composi- 
tion of Opx4 and Cpx4 in inner fibrous Stage IV 
kelyphites due to the disseminated fine- grained 
spinel but the observed garnet breakdown reaction 
is clearly indicative of a further pressure drop. The 
Stage V high amphibolite facies assemblage in U92 
(plus other Otrshy samples) indicates an equilibra- 
tion temperature of around 600 °C from considera- 
tion of the XÁI" content of Opx5 coexisting with 
aluminous spinet (Sachtleben and Seek. 1981). 
Observations (e.g.. Harvey. 1983) that sillimanite 
rather than kyanite was the stable AI- silicate poly - 
morph in the amphibolite- facies assemblages widely 
displayed by the gneisses enclosing these west 
Norway peridotite bodies points to a further sub- 
stantial decompression ' by Stage V. Mineralogical 
evidence thus indicates that the segment of the 
metamorphic path from Stages II -> V is charac- 
terised by an overall drop in pressure (around 20 
kbar) which is large relative to the decrease in tem- 
perature (150 -200 °C). On the other hand, develop- 
ment of aluminous chlorite (Stage VI) and finally 
of serpentine (Stage VII) most probably reflect 
late -stage cooling of these peridotite bodies im- 
mediately prior to their eventual exposure. 
4. Petrogenetic and geochronological considerations 
A synoptic pressure -temperature evolutionary path 
for these peridotite bodies based on the foregoing 
evidence is shown in Fig. 8. From general geochem- 
ical considerations (Carswell, 1968a, b; Brueckner, 
1977; Carswell et al., 1983) an ultimate origin of 
these Mg + Cr rich peridotite bodies as predominate- 
ly somewhat depleted upper -mantle material, though 
with localised enrichment related to trapped partial 
melts (Carswell, 1968a), does not seem to be in 
doubt. Much more uncertainty prevails over the 
age of formation of the protolith (Stage I) and high - 
pressure (Stages II and III) assemblages, the nature 
and timing of emplacement of the peridotite bodies 
into the crustal gneisses, and whether they represent 
slices of sub -continental mantle or dismembered 
lower portions of ophiolite complexes (subducted 
oceanic crust /uppermost mantle). The latter origin 
has been indicated by Griffin and Qvale (1985) 
following their recognition within the peridotites 
at the Almklovdalen locality of superferrian eclogites 
with prograde zoned garnets interpreted as meta- 
morphosed basic dykes of the type frequently ob. 
served to intrude along transform fault zones. 
New Sm -Nd data for associated garnet lherzolite 
and garnet websterite samples from Almklovdalen 
reported by Mearns (1986 in this special issue) 
provide some further important constraints on such 
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Fig. 8. Pressure -temperature path for the development of 
the various assemblages associated with evolution stares 
I VII in these peridotite bodies. As discussed in the test, 
a possible alternative path (dashed heavy line) between Il 
and III is also indicated commensurate with a long time 
interval between these stages. The retrograde segment of 
such an alternative path would correspond to long slow 
cooling to ambient sub -continental uppermost mantle con 
ditions and the prograde segment to the influence of Cal 
edonian continental plate collision. The various reaction 
curves shown (fainter lines) are as follows: 
a. Calculated invariant curve for the reaction anorthite + 
forsterite (low P) _ clinopyroxene + orthopyroxene + 
spinel (high P) in the system CaO- MgO- Al2O, -Si02 (Obata. 
1976). 
b. Garnet + olivine pyroxenes + spinel reaction cone 
for the CaO- M1gO- Al2O, -SiO2 system from MacGregor 
(1970). 
c. The same reaction curve determined by Jenkins and 
Newton (1979) from hydrothermal reversal runs in the 
CMAS system. 
d. The univariant curve for the spinel lherzolite garnet 
lherzolite reaction in Almklovdalen garnet peridotite sam 
pie N14A (O'Hara. 1975). 
e. The same reaction curve for slightly more magnesian 
natural peridotite compositions (O'Hara et al., 1971). 
f. Univariant reaction curve for pyrope + forsterite m 
CO 
statite + spinel in the MgO -Al2O, -Sí02 system determined 
by Perkins et al. (1981). 
g. Approximate location of the mantle peridotite melting 
curve in the presence of H2O and Coe vapour (Xco, 
0.75) (Wyllie, 1977). 
h. Reaction curves defining the stability fields of the 
alu 
mino- silicate polymorphs (Holdaway, 1971). 
petrogenetic considerations. Importantly, and rather 
surprisingly in view of other Sm -Nd isotopic evidence 
of a Caledonian age (407 -447 Ma) for the formation 
of eclogites enclosed directly in the west Norway 
gneisses (Griffin and Brueckner, 1980, 1985), a mid - 
Proterozoic age of around 1703 ± 29 Ma is indicated 
both for the age of formation (upper -mantle melt- 
ing and depletion) of the peridotite protoliths (Stage 
I) and the crystallisation of the coarse- grained garnet 
lherzolite assemblage (Stage II). In view of the ap- 
parent short time interval between Stages I and II 
and the petrographic evidence (exsolution features, 
absence of prograde garnet zonation) the most 
straightforward interpretation (as favoured by 
Mearns) is of recrystallisation of spinel lherzolite 
(Stage 1) to garnet lherzolite (Stage II) soon after 
the upper -mantle melting event as the rocks fol- 
:owing a cooling path as illustrated in Fig. 8. The 
calculated Stage II P -T conditions lie close to the 
ambient conditions on a 55 mW m_2 continental 
geotherm (Chapman. 1986). Establishment of such 
a low geotherm so soon (< 60 Ma) after an upper - 
mantle melting event seems rather surprising, especial- 
ly in an entirely sub -continental environment. Hence, 
actual continental splitting and establishment of an 
oceanic basin, however ephemeral, during this mid - 
Proterozoic event should not be completely dis- 
counted. especially as it might better explain the 
short cooling interval and the origin of the super - 
ferrian eclogites the age of which is currently un- 
known. A pressure increase during cooling and 
recrystallisation to the Stage II assemblage is in- 
dicated in Fig. 8, on the basis of the calculated 
P -T conditions for this assemblage. Some pressure 
increase seems feasible if, as seems likely, the cool- 
ing occurred during transition from an extensional 
(melting) regime to a compressional one, with pos- 
sible overthrusting. However, it should be borne in 
mind that there are large uncertainties (possibly 
± 5 kbar) associated with the pressure estimates 
for the Stage II assemblage. Furthermore, different 
experimental data sets indicate different slopes in 
P -T space for the spinel lherzolite garnet lherzolite 
transition (see Fig. 8), but overall do not exclude 
the possibility of the transition occurring in response 
to effectively isobaric cooling. 
Meares (1986 in this special issue) also presents 
evidence that the gneisses enclosing the peridotite 
bodies at Almklovdalen are younger in age than 
the Stage I1 garnet peridotite assemblages. Accord- 
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ingly, the latter must have formed prior to the em- 
placement of the peridotites bodies against their 
now enclosing gneisses. Hence, it is conjectured here 
that these peridotite bodies were emplaced into 
the lower continental gneisses during the major 
Caledonian continental plate collision (cf. Cuthbert 
et al., 1983, fig. 5) and that the deformation respon- 
sible for this tectonic intercalation was that which 
produced the impressive mosaic porphyroclastic 
fabrics in these rocks, associated with partial re- 
crystallisation of the Stage 11 garnet lherzolite assem- 
blage to a somewhat lower -pressure Stage Ill garnet 
+ spinel lherzolite. The P -T conditions deduced for 
the stability of the Stage Ill 5- phase neoblast assem- 
blage are similar to those indicated (e.g.. Griffin 
et al., 1985) for the development of the Caledonian 
prograde metabasic eclogites enclosed in this gneiss 
complex. If this latter correlation is valid then there 
must have been an extremely long time interval 
(ca. 1200 Ma) between the development of the 
Stage II and III assemblages in these peridotites. 
It is unlikely that these peridotites would have been 
held at the P -T conditions for stabilisation of the 
Stage III garnet lherzolite assemblages throughout 
that period of time. If, as seems feasible, these 
peridotite bodies represent tectonic slices of sub- 
continental uppermost mantle detached and upthrust 
from the lower portion of the leading edge of the 
Baltic Plate during the Caledonian plate collision. 
they are more likely to have been held at appreciably 
lower P -T conditions (say 400 -550 °C and 10 -15 
kbar) prior to then. with their Stage II garnet lherzo- 
lite assemblages frozen in. In that case the enigmatic 
dyke protoliths for enclosed prograde superferrian 
eclogites as at Almklovdalen may have been intruded 
during the extensional continental rifting and open- 
ing of the Iapetus ocean which preceded the main 
Caledonian orogeny. 
In comparison with the uncertainties concerning 
the details and timing of the P -T path linking the 
assemblages of Stages I -> III in these peridotite 
bodies, the ensuing retrograde metamorphic path 
from Stages III -> VII is uncontroversial. A late 
Caledonian age (ca. 385 -420 Ma) for the develop- 
ment of the retrograde amphibolite and greenschist 
facies assemblages seems clear by analogy with 
the widespread early Palaeozoic K -Ar and Rb -Sr 
mineral ages determined from amphibolite -facies 
assemblages throughout the Western Gneiss Region. 
In addition, Brueckner (1972) has reported a Rb -Sr 
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whole rock -mineral isochron age of 408 Ma for an 
olivine + chlorite 4- amphibole assemblage in a late 
stage (i.e. Stage VI) vein within the peridotite body 
at Almklovdalen. Overall the retrograde metamorphic 
path for these peridotite bodies (Fig. 8) is charac- 
terised by an initial large drop in pressure relative 
to temperature (Stages III -> V) followed by more 
notable cooling during Stages VI and VII, as these 
rocks approached the surface. Comparable retrograde 
paths have been deduced for metabasic eclogite 
bodies directly enclosed in the quartzo -feldspathic 
gneisses of this region of western Norway - for 
example. at Romsdalshorn (Krogh, 1982). Such 
uplift paths reflect the relatively rapid exhumation of 
such high- pressure rocks from their depths of origin, 
following significant lithospheric thickening in a 
major compressional tectonic regime (Cuthbert 
et al., 1983; Carswell and Cuthbert, 1986). 
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B. Papers concerned with xenolith samples brought up in mantle derived 
magmas 
 
Contr. Mineral. and Petrol. 25, 163 -184 (1970) 
r 
Garnet Peridotite Xenoliths < 
in South African Kinlberlite Pipes and Their.Petrogcrlésis' 
D. A. CARSWELL 
Department of Geology. University of Sheffield. St. George's Sgwtte, Sheffield): England 
J. B. DAWSON 
Department of Geology. University of St. Andrews. Fife. Scotland- 
Received October 10, 1969 
Abstract. Whole rock analyses are presented for nine garnet peridotite. two garnet pyroxenite, 
one garnet free peridotite and two highly altered garnet peridotite xenoliths from South 
African kimberlite pipes. Garnets from eight of these samples have also been chemically 
analysed. while olivine compositions in the twelve fresh samples have been estimated by 
X-ray diffraction. The chemistry and mineralogy of these specimens are compared with the 
results of previous studies, and the controversies concerning the petrogenesis of these xeno- 
liths are discussed in detail. 
I. Introduction 
Garnet peridotite xenoliths in kimberlite pipes have been widely recognised as 
being extremely important in speculations about the chemistry and mineralogy 
of the earth's upper mantle. Whole rock analyses of such xenoliths may sur- 
prisingly, however, still be counted in single figures and certain of these are of 
dubious reliability. It is therefore not surprising that Wyllie (1967) in his review 
section on the petrogenesis of ultramafic and ultrabasic rocks was cautious in his 
conclusions about the xenoliths, pointing out that ... ' the chemical variation of 
garnet peridotite nodules is inadequately known.' 
The paucity of garnet peridotite analyses is even more remarkable when it is 
seen that the geological literature contains about six times as many analyses of 
eclogite xenoliths from kimberlite pipes, yet eclogite xenoliths are widely re- 
ported (Wagner, 1928; Williams, 1932; Dawson, 1962; -Nixon et al., 1963; Rick - 
wood et al., 1968) to be much scarcer than those of garnet peridotite. The reason 
for this numerical disparity amongst published analyses probably lies both in the 
more uniform chemical and mineralogical composition of the garnet peridotite 
xenoliths and the more spectacular appearance in the field of the eclogites. Much 
more mineral data on garnet peridotites is available, in particular for garnets, but 
is still subordinate to the data available on the eclogites. 
It is hoped that the analyses presented in this paper will go some way towards 
redressing the balance, and will therefore place theories on the relevance of 
garnet peridotite as a possible upper mantle rock type on a firmer footing. 
II. Field Occurrence 
The fourteen rocks investigated in this study were collected from five kimberlite 
occurrences in South Africa (Fig. 1). The specimens are listed in Table 1, with the 
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Ilmenite Association Trace Element 
Studies 
Part I: Mineralogy and Rare Earth Geochemistry of an Ilmenite- 
Clino pyroxene Xenolith from the Monastery Mine 
R. H. MITCHELL, D. A. CARSWELL and A. O. BRUNFELT 
ABSTRACT 
Homogeneous ilmenite (27,3 mol. % MgTiO,) and subcalcicclinopyroxene are the major 
phases of the intergrowth. Secondary alteration has resulted in the formation of Mn0- 
rich ilmenite (11,6 mol. % MnTiO,), and a phlogopite rich in TiO, (3,33 %) and poor 
in A1,0, (7,84 %). Abundant secondary fluid inclusions in the clinopyroxene confined 
to healed fractures are interpreted as indicating formation of the intergrowth by 
eutectic crystallization rather than by solid state exsolution. Rare earth element dis- 
tribution patterns of the clinopyroxene and Monastery kimberlite indicate that the 
clinopyroxene could have been in equilibrium with kimberlite magma but was unlikely 
to be formed as a result of breakdown of high pressure garnet. 
INTRODUCTION 
A summary of the views on the origin of the ilmenite- pyroxene lamellar inter - 
growths in kimberlite has been given by Gurney et al. (this volume, p.239). 
Data are presented here for a single inclusion, 1860J, from Monastery Mine, in 
which the ilmenite shows exsolution features, marked chemical zoning and 
marginal reaction to secondary phlogopite. 
ANALYTICAL METHODS 
The major element composition of the phases of the xenolith was determined 
by microprobe at the University of Oslo. Standards similar in composition to 
the samples were used for constructing calibration curves for the analyses. 
The clinopyroxene was separated from the xenolith, leached with 10 
HC1 to remove any possible carbonate contamination and then analysed by 
neutron activation analysis for rare earth elements. The analytical procedure 
was as described by Ragland et al. (1970), except that U.S.G.S. standard BCR -1 
was used as a standard using assigned values for the rare earth element abund- 
ances given by Brunfelt and Steinnes (1971). 
Ilmenite 
Ilmenite analyses are given in table 63 (nos. 1, 2, and 3). Calculations assuming 
a stoichiometric structural formula, ABO,, shows that the ilmenites are deficient 
in Ti and hence must contain some Fei }. Oxygen anion proportions were 
calculated on the basis of two cations, with total Fe expressed as FeO, and then 
considerably in their abundances. Hypothetical pyroxenes in equilibrium with 
the Monastery kimberlite behave in a similar fashion. However, Schnetzler and 
Philpotts' (1970) distribution coefficients result in hypothetical pyroxenes 
which are slightly more fractionated than the actual pyroxene. 
The data could be interpreted to imply that the clinopyroxene was in equili- 
brium with the kimberlite, since discrepancies between hypothetical and actual 
REE abundances are considered to lie within the variations of determined 
distribution coefficients (Schnetzler and Philpotts, 1970). Furthermore, Phil - 
potts et al., (1972) have argued that eclogite omphacites which have similar 
patterns (figure 59B) are in equilibrium with kimberlite. 
The variations in abundances of REE in the liquid may not be due to frac- 
tionation but to simple dilution or concentration after pyroxene crystallization. 
Alternatively, the phenocryst- matrix partition coefficients of Onuma et al. 
(1968) and Schnetzler and Philpotts (1970) determined on lavas, may be incorrect 
for this higher pressure system of different composition. Masuda and Kushiro 
(1970) and Nagasawa and Schnetzler (1971) have demonstrated changes in the 
magnitude of the partition coefficients with pressure and composition respec- 
tively and the clinopyroxene could, therefore, be genetically related to the 
kimberlite. However, this would not hold if the relative values of the REE 
partition coefficients change with pressure and liquid composition. 
CONCLUSIONS 
If the pyroxene -ilmenite intergrowth was formed by the breakdown of a high 
pressure phase, and assuming that no REE were lost during exsolution, the 
REE distribution of the clinopyroxene should be representative of the parent 
phase if no REE enter the ilmenite lattice. Ringwood and Lovering (1970) have 
suggested garnet as a possible parental phase. Garnets in eclogites and garnet 
lherzolites are known to preferentially incorporate the heavy REE and to show 
distribution patterns with a strong depletion in light REE (Philpotts et al., 1972; 
Reid and Frey, 1971). As the "parent phase" distribution pattern, as represented 
by the pyroxene, is unlike that of garnet, support for Ringwood and Lovering's 
(1970) conclusions would be obtained only if very high pressure garnets have 
different REE patterns to those in garnet lherzolites. The distribution patterns 
are, therefore, more in keeping with Dawson and Reid's (1970) hypothesis of 
breakdown of an ilmenite- structured pyroxene. However, Mitchell (1973a) has 
proposed that the compositional range seen in kimberlite ilmenites is the result 
of fractional crystallization, and since the intergrowth ilmenite, is poorer in Mg, 
Cr, Nb and Ta (Mitchell et al., part II, this volume, p. 231) it might be one of 
the later fractions of a protokimberlite magma, at a time when silicates were 
just taking the place of ilmenite in the liquidus phase. Fluid inclusions in healed 
fractures can be taken as evidence for crystallization of the clinopyroxene from 
a magma, and the REE geochemical study indicates that it was possibly in 
equilibrium with a magma of kimberlite composition. Alteration of ilmenite 
to MnO -rich rims and secondary phlogopite are interpreted as magmatic effects 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































PRIMARY AND SECONDARY PHLOGOPITES 
AND CLINOPYROXENES IN GARNET 
LHERZOLITE XENOLITHS 
By D. A. CARSWELL 
Department of Geology, University of Sheffield, Mappin Street, Sheffield. SI 3JD, U.K. 
ABSTRACT 
Microprobe analyses are presented for primary and secondary phlogopites in six garnet Iherzolite xenoliths 
from South African kimberlite pipes, together with the wet chemical analysis of a bulk mineral separate of phlogo- 
pite front a similar xenolith. The primary phlogopites form rare large (2 3 x I mm) discrete plates which do not 
show any textural evidence of disequilibrium towards the other primary phases. whilst the secondary phlogopites 
form narrow rims around garnets. 
The primary phlogopites have lower TiO,, Cr203 and A1,03 contents. lower Fee "Mg'-' and Na K' ratios. 
and higher SiO, contents than the secondary phlogopites. They also have much lower TiO, contents and Fe-' 
Mg-' ratios than the previously postulated TiO2 rich primary phlogopites from a Lashaine garnet Iherzolite 
xenolith (DAwsoN et al., 1970) and from Jan Mayen alkali basalts (FLOWER. 1971). They are thought more likely 
to represent a primary phase in equilibrium with the four phase garnet Iherzolite assemblaee in the upper mantle 
than the Lashaine and Jan Mayen phlogopites. 
The presence of on average I by volume of primary phlogopite in these xenoliths, thought to have originated 
from depths of I00 --I50 km, suggests that the upper mantle material at such depths may contain on average about 
0.09 wt. o K20 and 0.03 wt. °0 H2O' in phlogopite. 
The clinopyroxenes in the xenoliths examined commonly have marginal zones which are significantly depleted 
in jadeite molecule compared with the primary cores. As no felspar or other Na,0 and AI2O3 rich phase could be 
detected associated with the marginal zones, it appears that the jadeite released has probably been taken up in 
secondary phlogopite and amphibole. 
INTRODUCTION 
This paper largely concerns the question of the possible stability of phlogopite in the 
upper mantle and its bearing on the likely contents of K,O and H2O in the upper mantle. 
Garnet Iherzolite xenoliths are the most common ultramafic xenolith type found in the 
majority of kimberlite pipes (MATHIAS et al., 1970). They therefore appear to represent the 
predominant rock type in regions of the upper mantle from which kimberlite originates or 
through which it passes during its emplacement up into the crust, and hence the possible 
source rock (O'HARA, 1970) for basalt and other mantle derived magmas. If diamond at 
least nucleates within its own thermodynamic stability field (MITCHELL and CROCKET, 
1971), it is likely that the volatile charged kimberlite magma samples the upper mantle 
down to depths of at least 150 km. Fdrthermore, the chemistry of the pyroxenes in the 
garnet Iherzolite xenoliths suggests depths of origin in general in the range 100 -200 km 
(O'HARA, 1967; BOYD and NIXON, 1973). 
417 
418 D. A. CARSWELL 
Whilst whole rock analyses of garnet lherzolite xenoliths can be expected to yield 
reasonably good data on the major element chemistry of the upper mantle (CARSWELL and 
DAWSON, 1970; CHEN, 1971) they do not produce reliable figures for K20 and H2O because 
of the possibility of contamination by the relatively K20- and H2O -rich kimberlite magma 
into which they have been incorporated. It is therefore necessary to deduce the likely K20 
and H2O values from a consideration of the primary mineralogy and mineral chemistry 
of the garnet lherzolite xenoliths. 
The four principal mineral phases in garnet lherzolites are essentially anhydrous u1Id of 
these only clinopyroxenes (usually <0.05 wt.% K20) contain significant K20. That both 
K20 and H2O must be present in the upper mantle is beyond dispute in view of their 
presence, sometimes in appreciable concentrations, in mantle derived magmas (e.g. alkali 
olivine basalts, kimberlites, etc.). However, what is in dispute is just how much is present 
and in which phases it is incorporated. For example, NIcHoLLs (1967) estimated the 
undepleted upper mantle material beneath the mid -oceanic ridges to contain 9.7 wt.% H20, 
whilst WYLLIE'S (1971) model for partial melting in the upper mantle assumed a more 
realistic figure of 0.1 wt. % H2O. The low K,0 and modal contents of the clinopyroxenes 
in garnet lherzolites yield whole rock K20 contents ( < 0.005 wt. ó) which appear insuffi- 
cient to account for the K20 contents of alkali basalts and kimberlites by normal partial 
melting /fractional crystallization processes, as enrichment factors of 200 or even greater 
would in general be involved. Thus it would seem likely that both K20 and H2O in the 
upper mantle are contained in an additional phase or phases. 
DAWSON and POWELL (1969), FLOWER (1969, 1971) and others have recently argued that 
most of the K2O and H2O in at least the uppermost regions (say first 100 km) of the mantle 
is contained in small amounts of phlogopite, while OXBURGH (1964) and VARNE (1970) 
have argued in favour of the presence of amphiboles. Alternatively it has been suggested 
(WYLLIE, 1971) that these elements may be largely incorporated in small amounts of a 
water -rich intergranular liquid phase, especially at depths where the temperatures are 
expected to be above the breakdown temperatures of amphiboles and phlogopites. Further 
suggestions are that in the upper mantle H,0 may be incorporated in the nominally 
anhydrous silicates through hydroxyl substitution in limited amounts in certain oxygen 
point- positions-(MARTIN and DONNAY, 1972) or in high pressure so- called hydroxylated 
pyroxenes and garnets (LAMBERT and WYLLIE, 1970; FYFE, 1970; SCLAR, 1970). 
PETROGRAPHY 
All six rock specimens, for which microprobe mineral analyses are presented in this 
paper, are of the common four -phase granular garnet lherzolite xenolith type, such as were 
the majority of those previously analysed by CARSWELL and DAWSON (1970). Like the 
previously studied specimens they contain on average about 60 vol.% olivine, 25 vol.% 
orthopyroxene, 3 -8 vol.% clinopyroxene and 5 -10 vol.% garnet, together with minor 
amounts of phlogopite, amphibole and spinet. 
Specimens CK1, CK2, CK3 and CK4 were from mines in the Kimberley area; specimens 
CB4 and CB6 from the Bultfontein dumps. 
Although phlogopite is only present as a minor phase, petrographic examination of 
these xenoliths suggests the common presence of two generations of phlogopite growth. 
On the one hand, it forms rare, large discrete plates (Fig. 1A)- commonly about 2 -3 mm 
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A. Primary phlogopite plate (labelled p) in garnet lherzolite CKI- approximate magnification 
x 30. Plane- polarized light. 
B. Rim of secondary phlogopite (labelled p) around garnet in garnet lherzolite xenolith CB2 -ap- 
proximate magnification x 30. Plane -polarized light. 
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In length and 1 mm across and only two or three plates in any particular 2 x 3 -cm section- - 
showing no apparent textural evidence of being in disequilibrium with the other primary 
minerals and hence thought itself to be primary, in the sense that it crystallized in equili- 
brium with the primary, albeit sub -solidus, four -phase garnet Iherzolite assemblage. 
In addition it forms generally narrow (0.1 -0.4 mm) rims around some garnets (Fig. Ia) 
where it is undoubtedly of secondary growth. Of the six xenoliths studied with the micro- 
probe four contained both primary and secondary phlogopite together in the same polished 
thin section, whilst of the other two CK2 only contained primary phlogopite and CB4 only 
secondary phlogopite. 
An interesting petrographic feature of the clinopyroxenes in all the xenoliths except CB6, 
is the existence in most grains of rather cloudy "porous" outer zones around clear pale -green 
cores. These "porous" rims are variable in width even in the same grain and in places cut 
right across the grains and almost completely replace the original clear clinopyroxene. 
The "porous" zone always extinguishes in the same position as the unaltered part of the 
grain and is clearly an alteration feature within an original homogeneous clinopyroxene 
grain, the whole grain having the same birefringence colour. 
Similar alteration zones have previously been described in clinopyroxenes in spinel 
lherzolite xenoliths from basalts, for example see ERNST (1936), WILSHIRE and BINNS (1961), 
WHITE (1966), and KUTOLIN and FROLOVA (1970). ERNST (1936) and WILSHIRE and BINNS 
(1961) have interpreted the porous alteration zones as being due to the presence of devitrified 
glass cavities in the pyroxene, whilst with X -ray powder photographs and microprobe 
examination WHITE (1966) thought that he could detect the presence of felspar together with 
jadeite depleted diopside and sometimes brown spinel octahedra in the alteration zones. 
It is also worthy of note that the overall textural relationship of the clinopyroxene in 
xenolith CB4 is quite different from that in the other five xenoliths, or indeed in all the 
other garnet lherzolite xenoliths observed by the author to date. All the other xenoliths 
have an essentially granoblastic fabric, but in CB4 the texture is strikingly igneous in 
character with the clinopyroxene growing in a markedly poikilitic habit with respect to 
garnet in particular, but also towards both the orthopyroxene and olivine. It is also worth 
noting that this xenolith was the only one of the six studied which did not contain apparent 
primary phlogopite. 
MINERAL CHEMISTRY 
The minerals were analysed by the author using an ARL -EMX microprobe by courtesy 
of the Mineralogisk -Geologisk Museum in Oslo. Selected natural mineral standards were 
used and the results corrected using the method of BENCE and ALBEE (1968). 
PHLOGOPITES 
Analyses of five primary phlogopites (Table 1) and five secondary phlogopites (Table 2) 
are given together with the corresponding structural formulae calculated anhydrous with 
respect to twenty -two oxygens. 
Each of the analyses given is an average of from two to six analyses of appropriate 
phlogopite grains in the xenolith in question. In the majority of cases the internal variation 
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TABLE I. PRIMARY PHLOGOPITES 
Wt.".. CK I CK2 CK3 CK4 CB6 
Si02 40.7 41.2 41.1 41.5 41.7 
TiO2 0.28 0.22 0.15 0.26 0.68 
A120.1 12.8 12.4 13.2 12.5 12.2 
Cr,03 0.86 0.70 0.61) 0.75 0.61 
FeO ' 2.63 2.64 2.56 2.52 2.78 
M nO 0.01 0.05 0.01 0.03 0.02 
MgO 26.5 26.6 27.9 26.5 26.5 
CaO 0.02 0.02 0.02 0.01 0.01 
Na .0 0.75 0.76 0.99 0.91 0.31 
K,0 9.31 9.32 8.78 9.16 10.2 
Total 93.9 93.9 95.3 94.1 95.0 
*FeO -- total iron as FeO 
CK samples from Kimberley Mines 
CB samples from Bultfontein Dumps 













































































Fe' Mgt* 0.056 0.056 0.051 
Na /1( 0.123 0.124 0.172 
0.053 0.059 
0.151 0.046 
in the group of analyses averaged was strikingly small. Furthermore, it is apparent that 
there is in fact little variation in composition within the groups of primary and secondary 
phlogopites from the different xenoliths. 
However, striking differences in composition exist between the group of primary 
phlogopite grains and the group of secondary phlogopite grains. The secondary phlogopites 
have appreciably higher TiO2 and Cr203 contents, significantly higher A1203 contents 
and Fe'/Mg' and Na + /K+ ratios, and somewhat lower Si02 contents. 
All the phlogopite microprobe analyses in Tables 1 and 2 have low totals. However, 
several elements were not determined -notably H2O +, F, BaO and NiO. Also as the 
oxidation state of iron was not determined, total iron has been expressed as FeO. 
As a check on the microprobe analyses in view of the low totals and also to find out the 
contents of the other elements thought likely to be present, a bulk mineral separate of 
phlogopite from garnet lherzolite xenolith BD 1150 (CARSWELL and DAwsoN, 1970) was 
prepared and analysed by Mr. V. A. Somogyi at Sheffield University using a combination 
of atomic absorption, spectrophotometric, flame photometric and gravimetric techniques. 
This xenolith contains the highest proportion of apparent primary phlogopite plates in 
any xenolith so far examined by the author, together with secondary phlogopite rims 




Ti02 1 45 
A120, 13.9 
t'r203 1.60 
Fe0 3 12 
R1n0 0.10 
Mg() 24 8 
Ca() 0.01 
Na,O 0.92 
K .Ci 9.0h 
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Unfortunately, in order to obtain sufficient material for a complete analysis, a bulk 
mineral separate of both piiniary and secondary phlogopite had to be prepared and even 
then it was found impossible to produce a separate in sufficient quantity which was abso- 
lutely free of clinopyroxene giaius. However, in view of the very low CaO figures (0.03 wt. ° 
maximum) for all the phlogopites analysed with the microprobe, it was possible to correct 
the phiogopite analysis to account for the presence of the small amount of clinopyroxene. 
Accordingly in Table 3, the phlogopite analysis in the first column has been corrected in 
the second column by reducing the CaO figures from 0.42 to 0.02 wt.% and making appro- 
priate corrections to the other oxide values. This was equivalent to subtracting 2.027 wt. % 
of clinopyroxene from the analysis, an analysis of the clinopyroxene in BD 1150 having been 
performed separately. 
In both the uncorrected and corrected phlogopite analyses in Table 3, Si02 has been 
determined by difference from 100.00 as insufficient material was available for a gravimetric 
Si02 determination. 
The wet analysis for the hulk phlogopite separate shows as suspected the presence of 
significant amounts of F, BaO and NiO and well over 3 wt.% H2O +. The analysis total for 
the ten elements determined in the microprobe analyses, including total iron expressed as 








Structural formula on basis 
of 24 (0, OH, F, CI) 






0.02 7.994 P5' 0.002 
41202 13.4 13.6 AI3+ 2.287 
C1-203 0.76 0.73 Ti" 0.056 
Fe203 1.06 1.05 Cr" 0.082 
FeO 2.33 2.35 Fe" 0.113 6.386 
Mn0 0.03 0.03 Fe' 0.280 
MO 0.22 0.22 Mn2' 0.003 
Mg0 27.2 27.5 Ni' 0.025 
Ca0 0.42 0.02 MgZ' 5.827 








1.958 Na' 0.202 
F 0.28 0.28 K' 1.690 
CI 0.03 0.03 
H2O ' 3.17 3.24 F' 0.126 
Total 100.1 100.1 Cl ' 0.007 3.209 
Less O =_ F 0.12 0.12 OH' 3.076 
Less O = Cl 0.01 0.01 'FeZ' /MgZ' 0.067 
Adjusted total 100.00 100.00 Na' /K' 0.120 
'FeZ' /MgZ' Ratio is based on total iron expressed as FeO as with the other analysed phlogopites. 
*SiO2 Si02 by difference from 100.00. 
FeO, is 95.81 wt.% showing that the totals for the microprobe analyses (average total 
94.42 wt. %) are reasonably respectable although somewhat on the low side. The analysis 
of the bulk phlogopite separate is as to be expected somewhat intermediate in character 
between the microprobe primary and secondary phlogopite analyses, but approaches 
most closely the analyses of the primary phlogopites. 
CLINOPYROXENES 
Microprobe analyses are presented for both the clear primary clinopyroxene cores 
(Table 4) and the cloudy porous clinopyroxene rims (Table 5). 
As the oxidation state of iron was not determined analytically, the FeZ 
+ /Fe3+ ratio 
must be fixed before the percentage of jadeite molecule in these clinopyroxenes can be 
estimated. Two independent methods of fixing the FeZ+ /Fe3+ ratio were attempted. 
Firstly, from the structural formulae by a calculation procedure which assumed stoichio- 
metry. However, this procedure, which is particularly sensitive to analytical errors in Si02, 
results in all, or virtually all, the iron being calculated as Fe203 in the majority of these 
clinopyroxenes. 
As such low Fe2+ /Fe3+ ratios seemed unrealistic, the Fe0 and Fe203 figures in Tables 4 
and 5 are based on the alternative method of arbitrarily fixing a third of the total iron 
determined as Fe0 as Fe203 in order to give FeZ+ /Fe3+ ratios which correspond roughly 
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TABLE 4. PRIMARY CLINOPYROXENE CORES 
Wt.% CKl CK2 CK3 CK4 CB4 CB6 
Si02 54.9 55.3 54.8 54.2 54.8 54.6 
TiO2 0.09 0.09 0.08 0.08 0.05 0.15 
A1203 3.37 3.48 3.39 2.30 4.63 2.54 
Cr203 1.89 1.64 1.85 1.61 2.69 1.62 
*Fe203 0.86 0.93 0.93 0.78 0.90 0.81 
FeO 1.54 1.67 1.76 1.39 1.62 1.47 
Mn0 0.09 0.22 0.10 0.20 0.12 0.12 
Mg0 15.6 15.2 15.4 16.2 14.7 17.0 
Ca0 19.3 18.2 19.1 20.6 16.5 20.0 
Na20 2.74 3.12 3.09 2.08 4.02 2.33 
K,0 0.04 0.01 0.05 0.01 0.04 0.07 
Total 100.4 99.9 100.6 99.5 100.1 100.7 
SfRUCTI.RAL FORMULAE ON BASIS OF SIX OxvGENS 
Si" 1.97 1.99 1.97 1.97 1.97 1.96 
Ti4 0.002 0.002 0.002 0.002 0.001 0.004 
AI3+ 0.143 0.148 0.144 0.099 0.196 0.107 
Cr' 0.054 0.047 0.053 0.046 0.076 0.046 
Fe' 0.023 0.025 0.025 0.021 0.024 0.022 
Fez' 0.046 0.050 0.053 0.042 0.049 0.044 
Mn2' 0.003 0.007 0.003 0.006 0.004 0.004 
Mgz' 0.836 0.816 0.825 0.880 0.787 0.910 
Ca' 0.744 0.702 0.736 0.801 0.635 0.769 
Na' 0.191 0.218 0.215 0.147 
K' 0.002 0.000 0.002 0.000 0.002 0.003 
Total 4.01 4.01 4.03 4.02 4.02 4.03 
1d. 10.2 14.1 11.4 6.3 15.9 6.6 
Ca/Ca + Mg 0.471 0.462 0.472 0.477 0.447 0.458 
*Fe203 -third total iron as Fe0 arbitrarily fixed as Fe203, 
1d jadeite, 
CK- samples from Kimberley Mines, 
CB- samples from Bultfontein Dumps. 
to the ratios found in general in other ultramafic xenolith clinopyroxenes for which the 
values were determined analytically. The percentage of jadeite molecule indicated is the 
average value obtained by two calculation methods -firstly, from the remaining Na+ 
after calculation of NaFe3 +Si206 and NaCrSi206, and secondly, from the remaining 
Al' after the calculation of CaTiAl2O6 and CaAl2Si06 when Si' + Al3 +llvl = 2.000. 
It is apparent from a comparison of the analyses in Tables 4 and 5 that by far the most 
striking difference in composition between the clear clinopyroxene cores and the cloudy 
porous margins is the decrease in the A1203 and Na20 contents in the latter, reflected in 
the much lower per cent jadeite figures. On the other hand, differences in Cr203 content are 
negligible and in Ca /Ca + Mg ratio only minimal -corresponding to equilibrium tem- 
peratures only some 20-80°C lower for the rims than the cores on the basis of the solid 
solution limits in the synthetic diopside- enstatite system at 30 kbar pressure (DAv1ES and 
BOYD, 1966). 
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TABLE 5. CLOUDY CLINOPYROXENE RIMS 
Wt. CK1 CK2 CK3 CK4 
F 
C B4 
Si0, 54.2 54.7 54.4 53.8 54.1 
TiO; 0.09 0.08 0.08 0.09 0.04 
A120, 2.31 1.43 2.30 1.26 3.44 
C'r20, 1.76 1.82 1.82 1.60 2.65 
.Fc2O 0.80 0.88 0.79 0.82 0.87 
Fed 1.43 1.58 1.41 1.49 1.56 
MnO 0.09 0.22 0.11 0.20 0.12 
Mg0 16.2 16.6 16.3 16.2 15.5 
CaO 21.0 20.5 20.7 22.7 19.2 
Na,O 2.24 1.76 2.19 0.96 2.29 
K,O 0.07 0.01 0.05 0.00 0.04 
Total 100.2 99.6 100.2 99.1 99.8 
STRUCTURAL FORMULAE ON BASIS OF SIX OXYGENS 
Si 1 ' 1.96 1.99 1.97 1.97 1.96 
1I' 0.002 0.002 0.002 0.002 0.001 
Al'' 0.098 0.061 0.098 0.054 0.147 
Cr'' 0.050 0.052 0.052 0.036 0.076 
Fe3 0.022 0.024 0.022 0.023 0.024 
Fe2' 0.043 0.048 0.043 0.046 0.047 
Mn'-' 0.003 0.007 0.003 0.006 0.004 
MgZ ` 0.875 0.897 0.880 0.888 0.837 
Ca'-' 0.816 0.800 0.802 0.892 0.743 
Na' 0.157 0.124 0.154 0.068 0.161 
K 
' 
0.003 0.000 0.002 0.000 0.002 
Total 4.03 4.01 4.03 4.00 4.00 











'Fe2O3 -- -third total iron as FeO arbitrarily fixed as Fe2O3. 
Jd -Jadeite. 
CK- samplcs from Kimberley Mines, 
CB- samples from Bultfontein Dump. 
No additional Na20 and A1203 rich phase such as plagioclase was detected to be 
associated with the jadeite depleted clinopyroxene rims, at least in amounts resolvable 
with the microprobe. 
DISCUSSION 
The experimental data at present available (KusHIRO et al., 1967; YODER and KUSHIRO, 
1969; MODRESKI and BOETTCHER, 1972) indicates that the stability field of phlogopite is 
likely to extend down into the upper mantle -perhaps to depths as great as 150 -200 km 
in continental regions with low geothermal gradient. Phlogopite is likely to be stable to 
appreciably greater depths in the mantle than amphibole (KusxIRO, 1969; ALLEN et al., 
1972). 
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It is therefore not unreasonable to postulate that in the garnet lherzolite xenoliths 
studied the large phlogopite plates, showing no apparent disequilibrium towards the other 
primary mineral phases, as indicated by textural relationships, are themselves part of the 
primary mineral assemblage. These phlogopites have, however, significantly different 
chemical compositions from the primary phlogopites described by DAWSON et al. (1970) 
and FLOWER (1969, 1971). 
TABLE 6. POSTULATED PRIMARY PHLOGOPITES 
Wt.°o A B C 
SiO, 41.3 39.98 40.10 
Ti02 0.32 9.13 6.15 
A1203 12.6 13.45 12.12 
Cr203 0.70 0.71 n.d. 
Fe2O3 - - 0.63 
FeO 2.63 3.57 8.84 
Mn0 0.02 0.04 0.82 
Mg0 26.8 18.73 17.40 
Ca0 0.02 0.00 0.00 
Na20 0.74 0.06 1.00 
K20 9.36 9.64 8.36 
HZO n.d. n.d. 3.70 
Total 94.5 95.31 99.02 
Fe2+/Mg2+ 0.055 0.107 0.282 
Na+/K+ 0.120 0.009 0.181 
A. Mean of five primary phlogopites, this paper. 
B. Phlogopite from Lashaine xenolith (BD738)- DAwsoN et al. (1970). 
C. Phlogopite from Jan Mayen alkali basalt -FLOWER (1969). 
In Table 6 the mean of the five postulated primary phlogopites analysed in this paper 
may be compared with DAWSON et al.'s (1970) postulated primary phlogopite from a mica 
garnet lherzolite (BD 738) from the carbonatite tuff of the Lashaine volcano, and with 
FLOWER'S (1969, 1971) postulated mantle phlogopite which forms xenocrysts in gas vesicles 
in Jan Mayen alkali basalts. 
Both the Lashaine and Jan Mayen phlogopites are characterized by remarkably high 
TiO2 contents in contrast with the low TiO2 contents in the primary phlogopites analysed 
here. 
The undoubted secondary phlogopites in the xenoliths studied here have somewhat 
higher TiO2 contents (mean 1.11 wt./0'). The highest TiO2 contents (3.33 wt.%) found in 
phlogopites by this author occurred in secondary phlogopite around ilmenite in a Monas- 
tery Mine ilmenite -clinopyroxene xenolith (MITCHELL et al., 1973). 
The postulated primary phlogopites also have a significantly lower Fee + /Mg2+ ratio 
together with higher Na20 contents and Na + /K+ ratio than the Lashaine phlogopite. 
They also have a very much lower Fee + /Mg2+ ratio and MnO contents and somewhat 
lower Na + /K+ ratio than the Jan Mayen phlogopite. It is therefore felt on chemical 
grounds, particularly in view of their much lower TiO2 contents and Fee + /Mg2 + ratio, that 
the phlogopite plates described in this paper are more likely to represent a primary phase 
in equilibrium with the four -phase garnet lherzolite assemblage in the upper mantle than the 
phlogopites from Lashaine and Jan Mayen. 
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As the garnet Iherzolites studied contained on average 1 °; by volume of primary phlo- 
gopite this suggests that the upper mantle, at depths of the order of 100 .I50 km, contains 
ou average 0.09 wt. " K20 and 0.03 wt. 11,0 in phlogopite. Clnopyrüxenes, together 
with the other primacy minerals. can be expected to contribute at the most about 0.005 wt.°%, 
K20 to the uve.all value in the upper mantle and, it is assumed, negligibly H20- -although 
this assIIttipu.,u has rLCenlly been questioned (MARTIN and Dom NAY, 1972). Any amphibole 
present in the garnet Iherzolite xenoliths studied by the author occurs adjacent to garnet 
and appears to be sc,oudary 
One t.c,ti therefore estimate that the upper ntatttle at depths of toughly 100 150 kni 
,..onlains ,. a aci;li'C 0 IO wt.° K ,0 and 0.03 wt ° l-I,O `. Clearly, however, the concentra- 
tion t,l t,'Liiaï j i,hitl ìtlilte ill a much larger Humber of garnet lherzolite xenoliths from 
.111fcrelit i.i,nVe Inc localities must be observed before one cali place much reliance on 
these Lippe' rn.intle Ii 20 and 1I20 estimates. local variations in the amount of primary 
íhiug pile would lead to very large variations in K,O and 1-1,0 contents in the uppei 
u,.u,ue 
ti:e f ;,,t,posed figure of about 0.10 wt.`,, for K20 in the upper cantle is within 
the cst:ï,,.,les of (ti i2 t, 15 wt. ° given by KUSHIRO et al. (1967) on the basis of a lO enrich- 
ment tat.tor of k:;0 in basalts compared with its upper ,cantle source material, and chose 
to RING vk/O6D s t 196;)) estimate of 0.13 wt for his pyrolite model mantle composition. 
fl.,,, l i i i tigtu,_ of 0.i;3 wt. is rather lower than the figure of 0.1 wt. % assumed by RING - 
t t /OD i I t)(,t)) iu1 i 1'\ 1. t.iE (1971). However, the po,, ibilit }' of additional water being present 
u, other rani ais or in intergthilular liquid filins caintol at present he ruled out. Indeed 
rL.:,;nt atcr dete, initiations by the author on clinopyroxenes and orthopyroxenes from 
garnet Iherzolite xenoliths have indicated the presence of on average 0.2-0.3 wt.° H2O in 
both p_. rc). ;eucs With about 30°.--.0 by volume of p, roxeiles in such xenoliths this would 
bring the likely figure for water in the upper mantle up to roughly 0.1 wt. %. 
As regards the jadeite depleted marginal zones around the clinopyroxenes in the analysed 
.x;:rtuliths, it seems most likely that the Na,0 and A1,03 released, possibly as a consequence 
of the pressure decrease during kimberlite emplacement, has been taken tip in both the 
secondary phlogopite and the secondary amphibole which is also present in small amounts. 
it i; notcwurth} that the secondary phlogopites have higher Na'1K+ ratios than the pri- 
ihaï} phlogopites and indeed also higher Na'/K' ratios than the phlogopites usually 
found in the kimberlite pipes (see RIMSAITE, 1971, table 1.). 
The. clinopyroxene of distinctly poikilitic habit in xenolith CB4 has a lower Ca /Ca.- Mg 
iatio than the clinopyroxenes in the other granoblastic textured xenoliths- indicating the 
highest temperature of crystallization (roughly 1060'C). This xenolith was the only one 
studied which did nut contain apparent primary phlogopite, suggesting that it may have 
crystallized at temperatures above the melting temperature of phlogopite in the upper 
mantle. Similarly, BOYD and NIXON (1973) have noted that amongst the garnet lherzolite 
xenolith suite in the kimberlites of Northern Lesotho, phlogopite is present in the granular 
textured xenoliths but absent in the higher temperature (roughly >1100°C) assemblages 
of the sheared xenoliths. 
It therefore appears likely that in the garnet Iherzolites of the upper mantle equilibrated 
at relatively shallow depths (< 150 -200 km) much of the K20, and possibly also H2O, is 
contained in small amounts of phlogopite, and this phlogopite may be termed primary in 
the sense that it crystallized in equilibrium with the four -phase garnet lherzolite assemblage 
before incorporation of the xenolith in the kimberlite pipe. However, at greater depths in 
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the mantle phlogopite is likely to be unstable (MoDRESKt and BOETTCHER 1972) and K20 
(and H20) are presumably contained in small amounts of intergranular liquid. The depth 
at which phlogopite melts in the upper mantle may correspond to the lithosphere/astheno- 
sphere interface. 
The texture of xenolith CB4is important in that it points to the initial crystallization of 
the four -phase garnet lherzolite assemblage from the solidus. This would be contrary to an 
interpretation of the granular garnet lherzolites as olivine + orthopyroxene residua in 
which both garnet and clinopyroxene only appear at sub -solidus temperatures through 
exsolution from high temperature aluminous orthopyroxene. Nevertheless, NIXON and 
BOYD (1973) have presented data which indicate that the common granular garnet lherzolite 
xenoliths are depleted in Na, Ti, Fe, Ca and Al relative to the sheared garnet lherzolites and 
even more so relative to RINGWOOD'S (1966) hypothetical pyrolite mantle composition, and 
consequently concluded that they represent essentially residual "depleted" mantle after 
extensive upper mantle partial melting. Such an interpretation of the granular garnet 
lherzolites casts doubts over any assumption that the levels of K20 and H2O contained in 
the postulated primary phlogopite observed in these xenoliths are representative of the 
initial levels in the upper mantle source rocks for basaltic and other mantle derived magmas. 
However, the whole question of whether or not the phlogopite bearing granular garnet 
xenoliths are suitable source rocks for basaltic magmas, and hence represent "fertile" or 
"depleted" upper mantle,"is still clearly open for debate. 
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La, Sm and Yb abundances are given for coexisting garnet and clinopyroxene from four granular garnet lherzolites 
and a garnet pyroxenite. La /Yb ratios of clinopyroxene range from 29 to 398, and are an important factor to be con- 
sidered in any partial -melting model involving garnet Iherzolite. Garnets have REE distributions which conflict with 
the hypothesis that garnets from granular and sheared lherzolites have different REE distributions. Calculated garnet - 
liquid distribution coefficients for Sm and Yb average 0.09 and 6.30 respectively. Calculated REE abundances in 
whole rocks are less than actually found implying that xenoliths are contaminated by light -REE -rich kimberlite. Re- 
vised mantle abundances are for La, 0.7 ppm and Yb, 0.2 ppm (La /Yb = 3.5). 
1. Introduction 
Garnet lherzolite plays a key role in mantle petrolo- 
gy and therefore also in partial -melting models which 
attempt to account for the rare earth element (REE) 
distribution patterns of a wide variety of mantle -derived 
magmas. Shimizu [1] has remarked upon the paucity 
of information on the REE content of garnet lherzolite 
and its constituent minerals, in fact the only extant 
data is that of Shimizu [1], Ridley and Dawson [2], 
and Philpotts et al. [3]. We present here La, Sm, and 
Yb data for garnets and coexisting pyroxenes together 
with whole -rock data for four garnet lherzolites and a 
garnet pyroxene which have previously been described 
by Carswell and Dawson [4]. The analyses were made 
by a radio chemical neutron activation procedure simi- 
lar to that described by Ragland et al. [5]. Samples 
were washed in 1N HC1 prior to analysis. The results 
are given in Table 1 and presented as chondrite-normal- 
ized distribution patterns in Fig. 1. 
2. Clinopyroxenes 
Fig. 1 shows that clinopyroxenes are enriched in 
light REE by 8 -45 times chondritic abundances, the 
data being in good agreement with previous studies 
[1 -3]. Of particular interest is the marked depletion 
in La in some of the samples. Complete analyses for 
REE would show a maximum at Nd or Ce [1 -3]. The 
REE distribution patterns for clinopyroxenes from 
these granular garnet lherzolites is similar to Shimizu's 
[1] granular lherzolite data. La /Yb ratios (Table 1) are 
very variable, an important factor to be considered in 
any models of partial melting. For example, consider 
the partial melting of a lherzolite of composition gar- 
net (5 %)- clinopyroxene (5 %)- orthopyroxene (20 %)- 
-olivine (70 %) according to Shaw's [6] partial melting 
model in which phases melt in the proportions in which 
they occur in the rock. If the La /Yb ratio of the clino- 
pyroxene were 10, then 2% melting of the rock would 











CPX -BD 1364 
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CPX -BD 1140 
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La Sm Yb 
Fig. 1. Chondrite -normalized La, Sm and Yb abundances in 
coexisting clinopyroxenes and garnet from garnet Iherzolites. 
ratio of the clinopyroxene were 100, the same degree 
of melting would result in the melt La /Yb ratio being 
87. Crystal- liquid distribution coefficients used in the 
calculation are for La; (cpx /liq) = 0.1 [7], (gnt /liq) 
= 0.002 [8], (opx or oliv /liq) = 0.002 (estimated from 
[7]), and for Yb, (cpx /liq) = 0.23, (gnt /liq) = 4, (opx 
or oliv /liq) = 0.007 (summarized by [9]). 
The only previous data for La /Yb in mantle clino- 
pyroxenes from lherzolites are 64 and 113 for Lashaine 
Iherzolite [2] and 24 for Hawaiian Iherzolite [10]. 
3. Garnets 
The garnets have very variable REE abundances, La 
not being detectable by the analytical procedure em- 
ployed, and are enriched in the heavy REE. The REE 
distribution patterns (Fig. 1) have positive or negative 
slopes. Shimizu [1] has shown that garnets from sheared 
and granular garnet Iherzolites have positive and nega- 
tive slopes respectively. The present REE data together 
with that of Ridley and Dawson [2] for granular garnet 
Iherzolites indicates that no generalizations should yet 
be made concerning REE abundance patterns in the 
garnets from different textural types of lherzolites, a 
conclusion which has recently been found to be true 
for the major element composition of clinopyroxenes 
and whole rocks [11,12]. 
4. Clinopyroxene- garnet pairs 
Table 1 gives clinopyroxene- garnet partition coeffi- 
cients for Sm and Yb. These vary by a factor of 10 for 
rocks which are mineralogically very similar [4] and 
which have probably equilibrated at similar tempera- 
tures and pressures [13,14]. The partition coefficients 
are in the range reported by Shimizu [ 1 ] and Schnetzler 
and Philpotts [7]. Sm and Yb partition coefficients be. 
tween the garnet and liquid have been calculated from 
the garnet /clinopyroxene partition coefficients and the 
clinopyroxene /liquid partition coefficients of pyroxene 
GSFC193 [7] as outlined by Shimizu [1]. Results are 
given in Table 1, the values agree well with published 
data [1,7]. It is particularly important to note that the 
Yb garnet -liquid partition coefficient is very much less 
than the value of 40 recommended by Shaw [8] which 
is commonly employed in partial- melting calculations. 
The actual value for Yb is not yet known but must be 
between 3 and 10 [1,7]. 
5. Whole rocks 
Calculation of whole -rock REE abundances from 
the mineral data and modal abundances given by 
Carswell and Dawson [4] assuming that garnet and 
clinopyroxene contribute overwhelmingly to the whole- 
rock REE abundances (Table 1) result in calculated 
REE abundances which are lower than the observed 
abundances (Table 1). The discrepancy is undoubtedly 
due to contamination of the xenolith by the kimberlite 
host which is strongly enriched in light REE [15]. Con- 
tamination of xenoliths by kimberlite has previously 
been noted to occur for potassium by Erlank [16]. We 
therefore consider that whole -rock REE abundances 
of garnet Iherzolites cannot be used to estimate the 
REE abundances or La /Yb ratios of the upper mantle. 
Shaw [8] estimates the upper mantle to contain 2 PPm 
La and 0.4 ppm Yb (La /Yb = 5). Using our calculated 
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BD 1364 (Matsoku pyroxenite) 
gnt - 1.27 2.60 - 2.26 0.058 0.12 3.91 
cpx 5.10 2.87 0.15 34.0 
wr 2.13 1.26 0.54 3.94 
calc. wr 1.53 1.08 0.51 3.00 
BD 1201 (Wesselton) 
gnt - 1.11 1.09 - 4.48 0.027 0.06 8.41 
cpx 11.94 4.97 0.03 398.00 
wr 1.69 0.33 0.11 15.36 
calc. wr 0.59 0.28 0.03 19.66 
BD 1356 (Matsoku) 
gnt - 0.74 0.49 - 4.64 0.245 0.06 0.93 
cpx 3.47 3.43 0.12 28.9 
wr - 0.22 - - 
calc. wr 0.17 0.21 0.03 5.67 
BD 1140 (Bultfontein) 
gnt - 0.42 2.44 - 8.92 0.036 0.03 6.30 
cpx 14.25 3.75 0.09 158.00 
wr 2.95 0.51 0.25 11.80 
calc. wr 0.99 0.31 0.29 3.4 
BD 1127 (Jagersfontein) 
gnt - 1.27 1.60 - 1.29 0.019 0.2 11.9 
cpx 1.87 1.64 0.03 62.33 
wr 0.55 0.13 0.05 11.00 
cale. wr 0.06 0.11 0.08 0.75 
Abbreviations: gnt = garnet; cpx = clinopyroxene; wr = whole rock; calc. wr = calculated whole rock. 
whole -rock REE abundances we would tentatively 
suggest that these values be revised downwards to 0.7 
ppm La and 0.2 ppm Yb (La /Yb = 3.5). 
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Six crystals of green, uvarovite -rich garnet from the Newlands kimberlite have been analysed. The range of Cr203 
is 10.04 - 14.04% and CaO is 19.18 -25.94% (wt.), and thus they are similar to garnets found in only one other kim- 
berlite province, namely Yakutia. By combining data from both the Russian and South African occurrences, four 
models are considered for the formation of such garnets. The model which best accounts for the available chemical 
data, and mode of occurrence, involves formation of the uvarovitic garnets during subsolidus recrystallization of 
spinel wehrlitic cumulates, which themselves had been produced by a fractionating magma at a depth of about 200- 
250 km. 
1. introduction 
Until recently, green garnets had not been recog- 
nised in kimberlites; however, they have now been de- 
scribed from the Udachnaya, Dalnaya and Zagadoch- 
naya pipes in Yakutia [ I ], and dichroic green -violet 
varieties from the Kao pipe in Lesotho [2]. This paper 
establishes the Newlands area as another documented 
locality of Ca,Cr -rich garnets in kimberlite. 
The Newlands kimberlite pipes are located 60 km 
northwest of Kimberley, Cape Province, and consist 
of five small blows (diameters 15 -40 m) joined by a 
series of kimberlite fissures over a distance of 600 m. 
These pipes were sampled during a field excursion of 
the First International Kimberlite Conference and, 
from four different blocks of kimberlite, six green gar- 
nets were recovered. It is the purpose of this paper to 
I Address until July 1977: Grant Institute of Geology, Uni- 
versity of Edinburgh, West Mains Road, Edinburgh EH9 3JW, 
Great Britain. 
(4] 
describe the chemistry and discuss the possible origin 
of these arnets. 
Recent experimental work on the stabilities of gar- 
net solid solutions, including the uvarovite molecule 
[3 -7] has shown that pyralspite -ugrandite mutual 
solid solution is extensive at high temperatures and 
high pressures, and that uvarovite has the highest ther- 
mal stability of the common garnet end -members up 
to ^25 kbars. Since the Newlands green garnets are 
largely uvarovite -pyrope -grossular solid solutions, 
these experimental results are particularly relevant to 
the origin of all such garnets in kimberlite. 
2. Petrography 
The Newlands kimberlite, from which the green 
garnets were separated, consists of large, rounded 
pheno. crysts of olivine (^- Fo90), up to 2 cm in maxi- 
mum dimension, which are partly serpentinized and 
may contain small, red, chrome spinels. The only other 
large crystals are phlogopite plates up to 5 mm in diam- 
eter and red /purple garnets up to 1 cm in diameter. 
Modally the olivines make up 40 -50% of the rock, 
phlogopite about 5% and total garnets less than 1 %. 
These large crystals are set in a fine- grained ground - 
mass of serpentine, carbonate and opaque oxides. The 
average analysis of two small octahedra of magnesian 
chromite from the groundmass was (wt. %): TiO2 = 0.4, 
Al2O3 = 8.4, Fe2O3 = 2.3, FeO = 15.9, Cr2O3 = 61.4, 
MnO= 0.4,Mg0 =11.6. 
In hand specimen and under a stereoscopic mi- 
croscope the uvarovitic garnets are dark green in 
colour and are up to 1 cm in diameter. The one green 
garnet seen in thin section was pale green, isotropic, 
had rounded to sculptured edges, and was laced with 
a network of randomly curving cracks. A continuous 
opaque kelyphitic rim 0.05 mm wide surrounded that 
particular garnet. 
3. Chemistry of the Newlands garnets 
The average analyses of six crystals of green garnet 
are given in Table 1. The following observations and 
comparisons can be made: 
(1) The chemical characteristics of these garnets 
satisfy all criteria of cluster 7 of Dawson and Stephens 
[28], except that analyses 1 and 2 have highly anom- 
alous TiO2 contents. The structural formulae of these 
two garnets only were calculated considering titanium 
to be in a trivalent state [33 -35] since using conven- 
tional Ti4+ results in an extremely poor balance be- 
tween eight- and six -fold co- ordinated cations. 
(2) The range of Cr2O3 is 10.04- 14.04% (wt.) and 
the substitution of Cri+ for Ala+ in the octahedral sites 
is evident. 
(3) The range of CaO is 19.18- 25.94% (wt.) and 
the substitution of Ca for Mg- Fee + -Mn in the sites 
with eight -fold co- ordination is also evident. In having 
more than 50% end -member molecules containing cal- 
cium, the Newlands garnets are similar to the most cal - 
cic garnets from the Udachnaya and Dalnaya pipes 
[1]. Comparisons of the Newlands, Yakutian and Kao 
green garnets are given in Fig. 1A, B and show that: 
(a) the garnet xenocrysts of Newlands, Dalnaya and 
Udachnaya are very similar, but different from the 
xenocrysts of Zagadochnaya and Kao; (b) the green 
garnet from the Sytikanskaya wehrlite xenolith is sim- 
31 
ilar to the discrete xenocrysts (phenocrysts ?), but the 
other garnets from xenoliths are somewhat lower in 
Cr and Ca; (c) the knorringitic green garnets from Kao 
form a compact grouping distinctly different from 
the uvarovite -rich garnets of Newlands and most of 
those from Yakutia. Since the Kao garnets plot (Fig. 
1A) on a direct continuation of the narrow composi- 
tion field for garnets from two -pyroxene peridotite 
assemblages [ 1, fig. 1 ] they have probably been de- 
rived from such assemblages. 
(4) The green garnets from the Zagadochnaya pipe 
[10] plot as a discrete group in Fig. 1A, B and appear 
to be related to garnet -pyroxene -kyanite (grospydite) 
assemblages. 
(5) As shown by Fig. 1 C, four of the Newlands 
garnets have compositions which lie beyond the limit 
of solid solution at 1200 °C and 30 kbars [3]. This sug -' 
gests that they may have formed at pressures greater 
than 30 kbars. 
(6) Analyses 1 and 2 (Table 1) are of two contigu- 
ous grains which have a sharp, but irregular, contact 
with each other. The low -magnesian part (analysis 1) 
has a very constant composition, whereas the high - 
magnesian portion (analysis 2) is inhomogeneous 
showing variable Cr2O3 (10.29 -11.04 %), MgO (9.03- 
10.72 %) and CaO (18.43- 20.89 %). Because this com- 
posite grain is only a fragment, it is inpossible to de- 
duce the nature of the relationship between the two 
portions. In Fig. 1A, B these two grains have been 
joined by tie -lines which show that the variations in 
their CaO, MgO and Fe /Fe +Mg is comparable to the 
extent of the variation seen in the rest of the individual 
grains. 
4. Origin of the green garnets 
We shall now consider some conditions which 
would favour the formation of uvarovite -rich green 
garnets of the type found in the Newlands kimberlite. 
These conditions, and phenomena which must be ex- 
plained, are as follows: 
(1) A high Cr3+ 
/R3+ ratio is necessary in the en- 
vironment of formation, coupled with conditions 
which permit the formation of garnet with a higher 
Ca2+ 
/R2+ ratio than is normally found in chrome -rich 
ultrabasic rocks. 
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Palaeogeotherms: implications 
of disequilibrium in 
garnet lherzolite xenoliths 
FRASER AND LAWLESS' have pointed 
out that, because of the different diffusion 
mechanisms involved, the two -pyroxene 
geothermometer23 and the garnet - 
orthopyroxene geobarometer" ̀  com- 
monly used`" in the interpretation of the 
pressure -temperature equilibration con- 
ditions and depths of derivation of garnet 
lherzolite xenoliths in kimberlites may be 
out of phase and thus generate a spurious 
apparent geotherm. Whilst this may be the 
case it should, however, be noted that the 
lines of constant K for garnet- orthopy- 
roxene equilibria in Fig. 1 of Fraser and 
Lawless' are, in the depth range of inter- 
est, effectively sub- parallel to geotherms 
independently calculated" from heat flow - 
production studies. This essentially makes 
it impossible to determine whether geo- 
therms calculated from xenolith data are 
real or spurious in the way suggested. 
Their Fig. 1 thus highlights the critical 
importance of the temperature estimates 
to the depths of origin inferred for such 
xenoliths. Their further discussion, there- 
fore, purporting to demonstrate the 
different diffusion blocking temperatures 
for element exchange reactions between 
various mineral pairs in garnet Iherzolite 
xenoliths is crucial but quite unconvincing 
and rather misleading. 
Fraser and Lawless attempted to test 
the possibility that diffusion between 
pyroxenes and garnets is less rapid than 
between coexisting pyroxenes by 
comparing the distribution coefficients for 
Mg -Fe=' exchange between garnet - 
clinopyroxene and garnet -orthopyroxene 
pairs with temperatures based on the Ca- 
Mg exchange between coexisting 
pyroxenes'. They interpreted the arrays of 
data points in their Fig. 2 as indicating that 
Mg -Fe2} exchange between pyroxenes 
and garnet is effectively blocked 
below-1,100 °C whilst lower tempera- 
tures continue to be monitored by Ca -Mg 
exchange between coexisting pyroxenes. 
In reaching this conclusion they ignored 
the fact that the xenoliths concerned have 
probably been derived from an appreci- 
able depth zone in the mantle and hence 
may be expected to have equilibrated over 
a range of pressures as well as tempera- 
tures. Furthermore, clearly both Mg -Fe" 
exchange between pyroxenes and garnets 
and Ca -Mg exchange between coexisting 
pyroxenes depend on pressure as well as 
temperature, although there are 
uncertainties as to the magnitudes of the 
pressure dependence of these exchange 
ons210 3. Certainly it is unreason- 
able for Fraser and Lawless to expect that 
the xenoliths would plot along lines defining the temperature dependence of 
the Mg-Fe' distribution coefficients at effectively one particular pressure. Indeed 
the experimental evidence of Ráheim and 
Green12 that (Mg /Fe2 +)°px /(Mg /Fe2')Q°, 
decreases with temperature but increases 
with pressure suggests that the arrays of 
points on Fig. 2 of Fraser and Lawless 
may simply reflect the combined pres- 
sure /temperature effects on the dis- 
tribution coefficients involved. 
The variation in (Mg/Fe'),/ 
(Mg /Fe2')R°, between garnet - 
clinopyroxene pairs in different meta- 
morphic environments". 1519 indicates 
that Mg -Fe" exchange is normally 
effective at temperatures well below 
1,100 °C. Krogh1', Ráheim and Green1', 
for example, have described both pro - 
grade and retrograde variations in this 
distribution coefficient in eclogite assem- 
blages which indicate that above -700 °C, 
diffusion rates even in garnets are fast 
enough to chemically homogenise the 
minerals. At lower temperatures Mg -Fe' 
exchange is not completely blocked but is 
restricted to the extent that pronounced 
zoning is produced and retained, especi- 
ally in the garnets16. 
Thus contrary to the impression given 
by Fraser and Lawless and to the inter- 
pretation which they place on their Fig. 2, 
petrographic16 -'9 and experimental2,10-12 
evidence indicate that Mg -Fe" exchange 
reactions between pyroxenes and garnets 
probably provide far more sensitive geo- 
thermometers below 1,100 °C than the 
Ca -Mg exchange between coexisting 
pyroxenes. However, the magnitude of 
the pressure effect on the Mg -Fe' 
exchange reactions in garnet Iherzolite 
assemblages and reliable estimates of the 
Fe'/Fe' ratios in these minerals1' must 
first be determined before one can hope to 
obtain geologically meaningful tempera- 
tures from even these geothermometers 
and hence calculate valid geotherms. 
I thank Dr W. L. Griffin for his helpful 
comments. 
D. A. CARSWELL 
Department of Geology, 
University of Sheffield, 
Mappin Street, 
Sheffield, UK 
1. Fraser. D. G. & Lawless, P. J. Nature 273, 220 -222 (1978). 
2. Davis, B. T. C. & Boyd, R. F. J. geophys. Res. 71, 3567- 
3576 (1966). 
3. Wells. P. R. A. Contr. Mineral. Petrol. 62,129 -139 (1977). 
4. MacGregor, I. D. Am. Mineral. 59, 110 -110 (1974). 
5. Wood. B. J. Contr. Mineral Petrol. 46, 1 -15 (1974). 
6. Boyd, F. R. Geochim. cosmochim. Acta 37, 2533 -2546 
(1973). 
7. Boyd, F. R. & Nixon, P. H. Phys. Chem. Earth 9, 341 -454 
(1973). 
8. Carswell, D. A.. Clarke, D. B. & Mitchell, R. H. Proc. 2nd 
Int. Kimberlite Conf. (in the press). 
9. Clark. S. P.. Jr. & Ringwood, A. E. Rev. Geophys. 2, 35 -88 
(1964). 
10. Mori, T. & Green. D. H. Earth planet. Sci. Len. 26, 
277 -286 (1975). 
11. Lindsley, D. H. & Dixon. S. A. Am. J. Sci. 276, 1285-1301 
(1976). 
12. Rkheim, A. & Green. D. A. Conn. Mineral. Petrol. 48, 
179 -203 (1974). 
13. Wdod, B. J. Carnegie Inst. Wash. Ybk 75,571-574 (1977). 
14. Banno, S. Phys. Earth planet. Int. 3, 405 -421 (1970). 
15. Mysen, B. G. & Heier. K. S. Conn. Mineral. Petrol. 36, 
73 -94 (1972). 
16. Krogh, E.1. Nature 267, 17 -19 (1977). 
17. Rllheim. A. & Green, D. H. Lithos 8, 317 -328 (1975). 
18. Griffin, W. L., Carswell, D. A. & Nixon, P. H. Proc. 2nd Int. 
Kimberlite Conf. (in the press). 
19. Carswell. D. A. & Griffin, W. L. (in preparation). 
FRASER AND LAWLESS reply -We 
completely agree' with Carswell that the 
similarity between the temperature 
dependence of the garnet -orthopyroxene 
geobarometer'- and likely geothermal 
gradients makes it difficult to use this 
reaction to distinguish between the effects 
of differences in blocking temperatures 
and temperature -pressure distributions 
obtained from samples which have equi- 
librated at different depths along such 
geothermal gradients. 
In the absence of a suitable alternative 
geobarometer with a different slope it is 
difficult to distinguish between these two 
possibilities or indeed some -combination 
of both. It is, however, unsound to make 
Carswell's a priori assumption that the 
xenoliths in question are derived from 
different depths and to use such an 
assumption to require that the nodules 
show an appreciable effect of pressure on 
Fe"-Mg distribution coefficients. This 
may indeed be the case as may bulk - 
compositional effects such as we have 
mentioned'. However, the observed 
departure of garnet -pyroxene Fe"-Mg 
distribution coefficients from the equilib- 
rium values at 30 kbar is equally consis- 
tent with increased departure from equi- 
librium at lower temperature. The extent 
of low temperature Fe"-Mg exchange 
observed in the eclogitic assemblages of 
Krogh' and Riiheim and Green" results 
from equilibration over long periods of 
geological time and cannot be directly 
compared with the proposed retrograde 
effects on garnet lherzolite nodules result- 
ing from relatively rapidly changing 
temperature -pressure conditions during 
movement towards the Earth's surface 
before final eruption of the kimberlite. 
These important questions can only be 
resolved by independent tests. The cali- 
bration of an alternative geobarometer 
with different slope is clearly important. 
Moreover, the bulk chemical homo- 
geneity of the phases in the xenoliths 
should be critically analysed in terms, of 
likely diffusion models and tests should be 
made of the homogeneity and equilibra- 
tion of isotopes and refractory trace ele- 
ments among different mineral phases. 
Recently published data5 show a cor- 
relation of pyroxene -garnet Mn /Mg and 
V /A1 ratios with clinopyroxene-ortho- 
pyroxene temperatures suggesting equil- 
ibration of these trace elements. 
However, the same authors note grain -by- 
grain relative inhomogeneities of 25% in 
Cr and Sc contents of the garnets and 
similar results have been observed else- 
where'. Similarly our work has shown that 
pyroxene -garnet Cr /Al distribution 
coefficients are widely scattered for the 
low temperature group of granular 
nodules but are more tightly grouped in 
the case of sheared nodules. Isotopic dis- 
equilibrium in garnet and spinel lherzolite 
nodules has also been reported7-10 
although it seems that in the case of garnet 
lherzolites this applies only to sheared 
nodules, the granular nodules being 
apparently equilibrated and giving ages 
close to that of the host kimberlite7, 
despite their dominantly lower tempera- 
tures. 
There are thus several contradictory 
pieces of evidence concerning equilibrium 
in garnet lherzolite and xenoliths and 
hence uncertainty in their use for the cal- 
culation of geothermal gradients. When 
alternative geobarometers and more iso- 
topic, trace element and kinetic data 
become available these issues should be 
more easily resolved. 
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P. H. Nixon 
Geology Department, Box 4820 University P.O., Papua, New Guinea 
Abstract. Nodules of garnet granulites and 
"crustal" eclogites occur in many kimberlites 
i th rr',p of th. Knah'. ..,.1 rr,rr F., ?rn 
apparently absent from pipes within the craton. 
Inmost Lesotho pipes this suite is dominated 
by basic cpx +plag +gnt +opx granulites, with smaller 
numbers of eclogites, garnet websterites and 
Intermediate /acid granulites. Two -pyroxene 
granulites are common at Monastery Mine. 
The basic granulites are essentially olivine - 
basaltic, with minor normative Hy or Ne. The 
absence of plagioclase in eclogites and garnet 
websterites is controlled mainly by bulk 
chemistry; only rocks with >45% normative 
An +Ab contain modal feldspar. Microprobe data 
for 50 rocks demonstrate the consanguinity of 
the garnet granulite -eclogite -websterite suite. 
Clinopyroxenes from all garnetiferous samples 
are eclogitic (Jd /Ts > 1/2). Jd /Jd +Ts is pro- 
portional to Ab /Ab+An in the coexisting plagio- 
clase (An 5 -77 %); Jd ranges from <5 to 30 %. 
Carnets in all rock types resemble those from 
eclogites in gneiss and blueschist. High - 
sulfur (3.5 -6.8% SO3) scapolite occurs in six 
samples. 
Most samplesof the garnet granulite suite 
yield T -P estimates between 550 -700 °C and 5 -13 
Kb, implying an origin in the lower crust. 
Seismic data on adjacent areas, measured dens- 
ities, and data on nodule abundances suggest 
that the lower crust beneath Lesotho contains 
50 -70% basic granulite +eclogite +websterite, 
and 50-30% intermediate to acid granulite. 
Fe -rich garnet websterites give P . zimates 
in the range 13 -19 Kb, and may represent an 
important rock type in the uppermost mantle. 
Our crustal P -T estimates lie closer to 
predicted oceanic geotherms than to the "Shield" 
geotherm, suggesting that the latter is only 
valid for the deeper parts of the upper mantle. 
TH. high T at lower- cr'. =t :1 d. ^r L. .. _ 
Cretaceous time presumably was a consequence 
of the Karroo volcanic activity. 
Introduction 
Petrological studies of supposed deep- crustal 
rocks (granulites, eclogites, etc.) usually 
contain an inherent ambiguity. The exposure 
of these rocks on the earth's surface implies 
that they have been brought up from depth by 
large -scale tectonic movements. Unless this 
uplift is, geologically speaking, very rapid, 
the mineralogy and chemistry of the rocks will 
probably be modified by partial or complete 
reequilibration at shallower crustal depths. 
This modification may prevent study, or even 
recognition, of the original nature of the rocks. 
Kimberlite eruption, on the other hand, is 
an extremely rapid process. McGetchin and 
Ullrich (1973) estimate that an ascending 
kimberlite magma would traverse the thickness 
of the continental crust in less than 15 minutes. 
Magma temperatures have been estimated to be 
around 500 °C (Sheppard and Dawson, 1975). The 
circulation of meteoric water, besides causing 
serpentinization, probably reduces the tempera- 
ture of emplaced diatreme -facies kimberlite to 
<100 °C in a very short time. Nodules of deep - 
seated crustal rocks in these diatremes may 
therefore be regarded as quenched samples, at 
least by comparison with normal surface outcrops. 
If they escape hydrothermal alteration during 
the hydration of the kimberlite, these nodules 
offer a unique chance to study deep -crustal 
chemistry and mineral equilibria. 
59 
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o granulites confirmed 
A no granulites 
Fig. 1. Distribution of granulite nodules in 
the kimberlites of Southern Africa, based largely 
on survey of Rickwood et al. (1969). 
H, Hanover pipe; M, Melkfontein. Inset: 
Lesotho, showing sample localities: 1, Monastery 
Mine; 2, Lipelenang; 3, Khabos; 4, Lemphane; 
5, Lighobong; 6, Kao; 7, Pipe 200; 8, Matsoku; 
9 Mothae; 10, Letseng -la- Terae. 
This paper presents a study of 55 granulite, 
eclogite and garnet websterite nodules from 11 
kimberlites in Lesotho and adjacent South 
Africa. We have also studied a suite of spinel 
lherzolites, presumably from the shallow mantle 
or deep crust, in the Lipelenang and Ngopetseu 
kimberlites; primary data on these will be 
presented elsewhere. 
Occurrence of granulite -suite nodules 
The "garnet granulite suite" described here 
includes pyroxene -garnet granulites (cpx +gnt+ 
plag ±opx), eclogites (cpx +gnt) and garnet 
websterite (cpx +opx +gnt). The essentially 
continuous variation in modal composition and 
mineral chemistry among these three groups 
(see below) suggests that most, if not all, 
of these rocks formed through metamorphism of 
a dominantly mafic suite under a rather restricted 
range of P and T. Two -pyroxene, garnet -free 
granulites occur at Monastery Mine. 
Our collection includes nodules from nine 
kimberlites in Lesotho and three (Monastery 
Mine; Hanover; and Melkfontein, E. Griqualand) 
in adjoining South Africa. A survey of the 
literature and available collections shl,ws 
60 
that garnet granulites ("plagioclase eclogites" 
of Ringwood et al., 1969) have been found only 
in kimberlites on, or outside of, the edge of 
the Kaapvaal craton (Fig. 1). Pipes within 
the craton apparently lack granulite nodules, 
and contain eclogite nodules only of the 
"griquaite" type (Nixon, 1973). Basement 
xenoliths in the pipes of the craton interior 
are usually intermediate to acid, nmphibolíte- 
facies gneisses that may or may not represent 
deep -crustal material. 
The Kaapvaal craton consists largely of 
Early Archaean gneisses and greenstone belts. 
It is bordered by younger mobile belts character- 
ized by high -grade regional metamorphism, commonly 
in granulite facies. Kröner (1977) argues 
that these belts were formed primarily by intra- 
cratonic reworking of the older rocks, with 
little addition of new material. The restric- 
tion of the granulite nodules to kimberlites 
lying along the craton -mobile belt boundary 
may indicate that the granulite suite is a 
product of the reworking processes. This 
suggestion is strengthened by the Proterozoic 
U /Pb ages obtained on zircons from two granulite 
nodules from Lesotho kimberlites (Davis, 
1977). If the granulite suit,' is present 
beneath the craton, something must have pre- 
vented the kimberlites from sampling it there. 
Petrography 
Most of our samples are 1 -3 cm in size and 
relatively homogeneous. The larger ones, 
however, commonly display compositional layering 
on a scale of mm to cm. Interlayering of eclog- 
ite and granulite on these scales is illustrated 
in "Lesotho Kimberlites" (P. Nixon, ed. 1973) 
(pl. 43A, our sample KN -195), and by our sample 
L -12 (Table 1). Many other samples show a 
foliation defined by thin, discontinuous trains 
of mafic minerals in plagioclase, or of garnet 
in clínopyroxene (see "Lesotho Kimberlites", 
pl. 33A, our PHN- 2438). 
The dominant texture in all rock types is 
polygonal granoblastic (see " Lesotho Kimberlites" 
Pl. 15A, 29B, 34, 40A). The rocks are typically 
equigranular, with average grain sizes from 
0.5 -1.5 mm. Despite the compositional layering, 
dimensional orientation of grains is rare, as 
is undulatory extinction or other evidence of 
strain. The textures are interpreted as the 
result of annealing in a static environment 
(Nixon, 1973), perhaps reflecting heating during 
the Karroo volcanic episode (see below). 
Clinopyroxene, orthopyroxene, garnet and 
plagioclase account for >95% of the mode in 
most samples (Table 1). Within the garnet 
granulite suite there is essentially continuo0 
modal variation from granulites to eclogites 
and garnet pyroxenites (as plagioclase ranges 
from 50% to <1 %) and from eclogites to garnet 
websterttes (opx from 0 to 30 %) (Fig. 2). 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































MOON PI AG 
pAOPORTI0NS 
,p, present 50 
cpx 
Fig. 2. Modal proportions of pyroxenes, garnet 
and plagioclase. See also Table 1. 
4 
PI AG 
4+2444+4.-4 . aL+ v v v 
GNT 
usually appear to be in textural equilibrium 
with the anhydrous phases. The main exceptions 
to this rule are the pyroxene granulites from 
Monastery Mine, in which amphibole surrounds 
and replaces pyroxenes, and the garnet webster- 
itePHN -2508, which contains abundant poikilitic 
amphibole. Other cases of disequilibrium 
features are noted in Table 1. 
The most important accessory mineral is 
rutile, which occurs both as discrete grains 
and commonly as acicular inclusions in garnet 
and pyroxene. These needles always show inclined 
extinction, the result of an unusual habit that 
appears to be characteristic of rutile inclu- 
sions in minerals formed at high P and T (Griffin 
et al., 1971). Ilmenite, zircon and apatite 
are also common accessory minerals. Quartz 
and scapolite are less common, but are abundant 
(Q5[) in some specimens, as are magnetite, 
orthoclase, kyanite and sillimanite (Table 1). 
Many samples show hydrothermal alteration, 
presumably by fluids from the kimberlite. 
Natrolite, pectolite, sericite and carbonate 
replace feldspars. Orthopyroxene is commonly 
altered to a brown serpentine -like material, 
especially in the garnet websterites, and 
green "kelyphite" rims garnets in a few samples. 
Scapolite is commonly altered to an unidentified 
light brown material; nearly complete loss of 
03 is associated with the early stages of this 
alteration. Grain boundaries and cracks in the 
clinopyroxenes of some eclogites and garnet 
websterites show wide, sharply bounded zones 
filled with vermicular, apparently empty, 
channels in a symplectite -like pattern. Similar 
rims have been observed in garnet lherzolite 
nodules (Carswell, 1975). 
Although equilibrium metamorphic textures 
are the rule in this nodule suite, some important 
exceptions should be noted. 
(1) Opx in LT -2 occurs only as rounded 
inclusions in clinopyroxene, suggesting that 
the reaction opx +plag - cpx +gnt +qtz has 
taken place. 
(2) L -6 is a coronite, showing "primary" 
Al -rich pyroxenes surrounded by zones of granular 
garnet with inclusions of spinel and corundum. 
The following reactions have probably occurred: 
(a) 3MgAI2S106 -» Mg3Al2S13012 + 2A1203 
(h) MgA1204 + 3MgS103 + CaAl2S1206 
CaMgS1206 + Mg3Al2S13012 + A1203 
The plagioclase is full of randomly oriented 
needles of an Al2SiO5 phase (sillimanite?). 
(3) In PHN -1442j rinds of coarse -grained 
garnet surround areas in which poikilitic 
clinopyroxene encloses tiny garnet euhedra 
and laths of kyanite. Elsewhere, sheaves of 
kyanite needles (X -ray identification; B. 
Harte, pers. comm. 1977) are intergrown with 
clinopyroxene (cf. Meyer and Brookins, 1976, 
Fig. 2). A coarser -grained kyanite /cpx inter - 
growth was seen in a coronite anorthosite from 
Thaba Putsoa (not analyzed). The reactions 
involve the breakdown of plagioclase and a 
primary clinopyroxene rich in Tschermak's 
molecule, to produce kyanite, a less aluminous 
secondary clinopyroxene and a Ca, Fe -rich garnet 
(Table 3). The reactions responsible for the 
texture may be of the type: 
(c) 3Mg -Ts + 3An + Ab Gros + Py + Jd 
+ 4Kyan 
(d) 3Mg -Ts + 3An + 3Ab - 3Di + 3Jd 
+ 6Kyan 
The higher Jd content and lower Ts content of 
the secondary pyroxene and the higher KD (Fe /Mg) 
of the secondary gnt + cpx pair indicate that 
these reactions proceeded with decreasing T. 
The intergrowths of kyanite needles with 
clinopyroxene are also present, though rare, 
in samples M -1, L -13 and OVK- F10303, all from 
Matsoku. 
(4) In PHN -2508, garnet occurs as small 
rods, apparently exsolved, in clinopyroxene 
and orthopyroxene. 
(5) The pyroxene granulites from Monastery 
Mine show extensive exsolution of orthopyroxene 
lamellaein clinopyroxene, a feature that is 
rare in the garnet -granulite suite. 
Whole -rock Chemistry 
Whole -rock analyses and CIPW norms for 25 
nodules are presented in Table 2. One strikingly 
banded nodule (L -12) was split into eclogite 
and granulite portions for analytical purposes. 
Analyses were done at the University of Sheffield, 
mainly by XRF; major elements were analyzed 
on fusion pellets (1:9 lithium tetraborate), 
trace elements on pressed powders. Contents 
of FeO, Na20, H2O and CO2 were determined 
separately by standard wet -chemical techniques. 
Four of our analyzed samples have also been 
analyzed by Rogers (1977). The large differ- 
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/ -4 Plagioclase free 4 
30 40 50 
% normative Pyroxenes Olivines 
60 
Fig. 3. Chemical controls on the presence of modal 
plagioclase in the garnet granulite suite. 
and his imply that the original samples were 
quite inhomogeneous (especially OVKF10303). 
The basic granulites and eclogite are 
essentially olivine -basaltic in composition, 
with minor normative Ne (0 -5 %) or Hy (0 -2%, 
one with 9%). In contrast, the garnet webster- 
ítes are more strongly Hy- normative (6 -25%, 
one with 59%). The felsic granulite LT -2 
contains significant normative and modal quartz, 
and is of intermediate composition. 
The absence of plagioclase in the eclogites 
and garnet pyroxenites is largely controlled 
by rock chemistry. Only rocks with >35% norma- 
tive plagioclase and <45% normative pyroxenes + 
olivine contain modal plagioclase (Fig. 3). 
Plagioclase- bearing nodules also have generally 
higher Na /Na +Ca than those lacking plagioclase. 
This compositional control on the presence of 
plagioclase, and the interlayering of eclogite 
and granulite on the cm scale (L12A, B) makes 
it unnecessary to postulate that the eclogites 
originated at greater depths than the granu- 
lites. 
The garnet websterites are lower in Al, and 
higher in Mg /Mg +Fe, than the granulites, as 
well as being more mafic. This trend is compat- 
ible with the websterites being mafic cumulates 
from a basic magma now represented by the 
granulites. However, within the granulites 
there is a well- defined trend toward higher 
Ng /Mg +Fe in the less mafic samples. This is 
difficult to explain in terms of crystal 
fractionation, and argues against a simple 
genetic relation among the various granulites, 
or between these rocks and the garnet websterites. 
Extensive hydration of primary mafic phases 
is accompanied in some cases by carbonation 
(PHN- 2685/1A) or natrolitization (PHN -1919, 
K -1). Many of the fresher samples show similar 
effects on a smaller scale, especially partial 
alteration of primary feldspars and scapolite 
to secondary minerals such as natrolite, pecto- 
lite, sericite and carbonate. The fluids 
responsible for the post -granulite -facies 
introduction of H2O, CO2 and Naz20 presumably 
come from the enclosing kimberlite, and the 
alteration may be regarded as analogous to 
the fenitization that commonly accompanies 
alkaline -carbonatite complexes. 
The contents of LIL elements such as K, Rb, 
Sr, Ba, Zr, Ti and P are highly variable, and 
the possibility of contamination from the 
considered. In some samples 
(PHN- 2685/1A, PHN -2645) there appears to be 
a correlation between high Ba and Sr contents 
and the presence of secondary carbonate, but 
this does not hold in general. Furthermore, 
microprobe studies of PHN -2645 show that the 
Ba mostly resides in tiny (<1(1m) K- feldspar 
inclusions in the plagioclase. The K in most 
nodules resides in biotite and /or K- feldspar 
(Table 1), as does, presumably, most of the Rb. 
Since these phases appear on textural grounds 
to be in equilibrium with the other members 
of the granulite -facies or eclogite assemblages, 
the present levels of K, Rb, Sr and Ba were 
probably established before or during the gran- 
ulite -facies metamorphism. The same is probably 
true of Ti and P, which reside in rutile (or 
ilmenite) and apatite, respectively; there 
are no obvious grounds for regarding either 
of these phases as secondary with respect to 
the primary metamorphic assemblages. 
Analyses of REE in Lesotho granulite nodules 
(including our samples PHN -1646, -1919, -2852, 
OVK- F10303) show a wide range in both EREE 
and in the degree of enrichment of the light 




cpx qnt plaq 
opx present 
Acm 
Fig. 4. Proportions of jadeite (Jd), Ca- 
Tschermak's molecule (Ts) and acmite (Acm) 
end -members in clinopyroxenes of the garnet 
granulite suite. 
flat, unfractionated or light -REE- depleted 
patterns relative to chondrites, while increas- 
ing REE contents are accompanied by greater 
enrichment in the light REE. Most samples, 
however, show pronounced positive Eu anomalies. 
Both garnet and clinopyroxene also show this 
positive Eu anomaly (Rogers, 1977; and pers. 
comm.). This implies that the REE patterns 
were established, and the Eu2+ partly oxidized 
to Eu3 +, prior to the formation of the high -P 
granulite /eclogite mineral assemblages, which 
in turn argues against significant contamina- 
tion from the kimberlite. Rogers (1977) has 
also shown that other incompatible elements (Nb, 
Zr, Hf, Ta) vary coherently with the REE, 
suggesting that the contents of these elements 
were also relatively little affected by alter- 
ation. 
Thus, even after discounting kimberlite- 
contamination effects, the trace- element and 
minor -element contents of these nodules show 
wider variations than the major -element con- 
centrations. Many samples show the high K /Rb 
ratios and low K /Ba ratios characteristic of 
medium- and high -pressure granulite -facies 
rocks (Heier, 1973). The very low contents 
of Ti, K, P and Zr in some nodules are anomalous 
for basaltic compositions and also suggest 
depletion. On the Ti -Zr -P discrimination 
diagram (Floyd and Winchester, 1975) 3 nodules 
plot as alkali basalts, 10 as tholeiitic 
basalts, and the rest fall outside any defined 
fields. Thus the minor and trace -element 
compositions do not appear to reflect original 
magmatic distributions. The REE patterns 
discussed above show very large variations ln 
74 
abundances and degree of fractionation among 
nodules of similar bulk composition. These 
variations are difficult to reconcile with an 
igneous origin, but could be explained by 
variable removal of incompatible elements during 
an anatectic event. We conclude that the trace - 
element and minor -element contents of these 
nodules reflect modification of some primary 
distribution(s) by high -grade metamorphic 
processes, perhaps including anatexis (cf. 
Rogers, 1977). 
Mineral Chemistry 
Methods: Minerals were analyzed using a 
manual ARL -EMX electron microprobe at the 
Central Institute for Industrial Research, 
Oslo. Accelerating voltages were 15 kV and 
sample currents 0.01 -0.03 FL amps. Natural and 
synthetic mineral standards were used, and the 
data were reduced using the method of Bence 
and Albee (1968). Fe3+ was calculated in the 
pyroxenes on the assumption of charge balance 
(program PYROX, by E. R. Neumann). Our exper- 
ience suggests that this procedure tends to 
produce maximum values for Fe3 +, since analytical 
errors and non-stoichiometry in the pyroxenes 
usually produce low values for Si02. Analyses 
with unusually high Fe3 + /Fe2+ ratios have been 
run in duplicate to confirm the analyses. 
Calculated Fe3+ values are not given for the 
garnets, since these values are usually so small 
(<0.5%) that we interpret them as resulting 
CPX CORES 
cpx « qnl 




id ldlrs l5 is U2 
Fig. 5. Proportions of Jd, Ts and diopside+ 
hedenbergite (Di + Hd) end -members in the 
clinopyroxenes. Short lines connect analyses 
of the cores of the grains (symbols) with analYsh 
of rims, where zoning was observed. For sample 
PHN -1442j an arrow runs from the primary to the 
secondary pyroxene. 
from analytical error. 
This 1a typical of 
granulite and eclogite garnets, in our exper- 
ience. 
Clinopyroxenes: Most of the analyzed clino- 
pyroxenes, regardless of rock type, have high 
contents of Jd +Acm+Ts (Table 3). The relative 
proportions of these components vary widely, 
but Jd is usually dominant (Fig. 4). These 
pyroxenes thus resemble those from metamorphic 
eclogites. Preliminary single- crystal X -ray 
studies of pyroxenes from M -1, LQ -1 and LQ -4 
show that they have disordered structures (C2 /c 
space group), suggesting crystallization at 
T >6000C (A. Mottana, pers. comm.). Further 
studies of pyroxenes are in progress. 
The ratio Jd /Ts > 1 usually distinguishes 
granulite -facies from eclogite pyroxenes 
(omphacites) (White, 1964). According to 
this criterion, the analyzed clinopyroxenes of 
both eclogites and garnet granulites in the 
Lesotho suite are eclogitic (Fig. 5). The 
four exceptions are all low in both Jd and Ts, 
and the errors on both components may be large 
relative to the absolute contents. Clino- 
pyroxenes from the Monastery pyroxene granulites 
have lower Jd /Ts and higher Acm. There is a 
reasonably good correlation of the Jd/Ts ratio 
of the pyroxenes with the Ab content of the 
coexisting plagioclase (Fig. 6) in the garnet 
granulites. 
Some of the clinopyroxenes show zoning, 
usually in the form of lower Jd content within 
about 100 on of the rims. The marked zones 
with tabular channels, described above, also 
have much lower Jd and Is contents than their 






Jd /Jd +Ts 1.0 
Fig. 6. Relation between plagioclase composition 


























Fig. 7. Atomic proportions of Fe, Mg and Ca 
in garnets. Group A (eclogites in kimberlites), 
B (eclogites in gneiss) and C (eclogites in 
blueschist) are adapted from Coleman et al. 
(1965). Data on kyanite -eclogites from Bells - 
bank Fissure and Bobbejaan are by Carswell 
(unpublished). 
are interpreted as the combined result of 
metasomatism and decompression during the 
transport of the nodules in the kimberlite, 
and give an idea of the amount of reequilibration 
of the mineral assemblages that may have 
occurred since the nodules were picked up by 
the kimberlite. 
Orthopyroxenes: The orthopyroxenes of the 
garnet granulite suite show uniformly low Ca0 
contents consist with their relatively low - 
temperature metamorphic equilibration (see 
below). The A1203 contents vary considerably. 
In the garnet websterites, lower A1203 contents 
are systematically related to higher Fe0 con- 
tents, as is characteristic of granulite -facies 
pyroxenes (Griffin and Beier, 1969). The 
exception to this trend is PHN- 2630/1 from 
Monastery Mine. The orthopyroxenes from the 
garnet granulites and pyroxene granulites do 
not show this A1203 -Fe0 correlation. No other 
clear differences in mineral chemistry are 
observed between the different rock types in 
the garnet granulite suite. 
Garnets: The garnets show a wide range in 
Fe /Mg, reflecting variations in bulk -rock 
composition and in the P /T- controlled parti - 
tioning between garnet and pyroxenes. The 
grossular content ranges only between 10 and 
23% except for PHN- 1442j. The observed ranges 
in Fe /Mg /Ca are approximately the same for 
granulites, eclogites and garnet pyroxenites 
75 
Table 4. Analyses of Mica, Amphibole and Scapolite 
Micas 




206 MO -6 M0-9 
PHN 
2508 
Si02 40.5 38.1 37.3 36.9 44.0 46.4 42.4 44.3 
TiO2 4.0 3.8 6.0 5.7 0.7 1.1 2.3 0.3 
A1203 11.8 13.7 11.8 13.7 10.7 9.0 12.9 14.6 
FeO 8.7 6.9 10.9 17.5 10.1 10.9 14.8 5.2 
Mn0 - 0.0 - 0.1 
Mg0 19.5 18.7 16.7 12.5 16.1 15.5 10.1 17.0 
Ca0 0.14 0.06 0.17 10.8 8.3 11.4 11.5 
Na20 0.34 0.38 0.16 0.1 3.4 4.6 1.8 3.0 
K20 9.7 9.6 9.5 9.4 0.9 0.5 1.6 0.5 
BaO - 
F 94.7 91.2 92.5 95.8 96.8 98.3 97.3 96,4 
Scapolites 
PHN PHN PHN 
K-2 2852 L-12 LQ-2 1670 3017 LT-2 
SiO 
2 
47.3 49.2 51.7 48.2 50.1 48.2 48.6 
A1203 27.5 26.9 23.4 25.4 24.4 22.2 24.9 
Ca0 15.7 14.3 13.7 16.3 15.0 14.7 14.9 
Na20 4.3 4.9 5.2 4.2 4.8 4.4 4.8 
K20 0.0 0.1 0.1 0.0 0.1 0.1 0.1 
S03 3.5 5.0 5.7 3.9 5.0 6.8 4.7 
Cl 0.0 0.0 0.0 0.0 0.0 0.0 0.05 
E 98.3 100.5 99.8 98.0 99.4 97.0 98.05 
PHN -3017 also contains Mg0 0.3, FeO 0.3, 
(Fig. 7). All of the garnets plot in the fields 
for Group B (eclogites in gneiss) and Group C 
(eclogites and blueschists) of Coleman et al. 
(1965), except for K -31 from Kao. Published 
analyses of "gríquaite" garnets from Kao and 
Sekameng plot in the Group B field together 
with our analyses, whereas the garnets of type 
"Griquaítes" are generally distinct in composi- 
tion from ours (Fig. 7). About 30% of our 
analyzed garnets classify in Group 5 (magnesian 
almandine) of Dawson and Stevens (1975); the 
rest fall in Group 3 (calcic pyrope- almandine). 
This separation does not correspond to dif- 
ferences in rock type. 
Micas and amphiboles: The analyzed micas, 
all of which appear to be in textural equil- 
ibrium with pyroxenes and garnet, include both 
phlogopites and biotites. Some biotites are 
unusually rich in TiO2 (Table 4). The amphiboles 
cire Na -rich hornblendes. 
Feldspars: Plagioclase compositions range 
from An5 -An77 (Table 1), but cluster in the 
range An10 -Án35. K20 contents are low (Or <5%) 
and antiperthite is very rare. Zoning (both 
"normal" and "reversed ") of up to 5% An from 
core to rim of single grains has been observed 
76 
in a few samples. Homogeneous grains of ortho- 
clase (Áb30 -35) occur rarely (Table 1). 
Scapolites: High -sulfer scapolites have 
been recognized in several samples (Table 4). 
Similar scapolites have been reported from 
high -P, high -T nodules in the Delegate pipes 
(Lovering and White, 1964) and in anorthosite 
interlayered with eclogite in the Bergen Arcs, 
Norway (Griffin, 1972). The distribution of 
Na and Ca between these scapolites and the 
coexisting plagioclase, if compared with ex- 
perimental work (Goldsmith and Newton, 1971), 
would imply temperatures >1300°C. Other mineral 
equilibria (see below) suggest much lower 
temperatures; the experimental data probably 
are not applicable to these rocks. 
P/T Estimates 
The analyzed rocks contain mineral assemblage 
that allow estimates of the pressure and temper" 
ature of equilibration through the use of 
published geothermometers and geobarometers. 
Wood (1976) has shown that the P dependence of 
Fe /Mg partitioning between coexisting garnet 
and clinopyroxene in the Ca-free system is 
less than that found by and Green (l91''í 
Table 5. P -T Estimates 
Sam le 
KD 
e nt/c.x o P Kb Method Comments 
PHN-2317 
GG 10.0 560 5.5 1 +5 Qtz present 
K-2 
CG 5.9 690 10 1 +5 
K-3 
GC 7.9 630 10 1 +5 
K-4 
CC 3.2 860 10 1 +5 Plag An77, no Fe3+ 
KA0-2 
Ec 7.7 590 5 1 +4 No plag, minimum P 
630 10.5 1 +5 - " - 
KC-23 Ec 
8.4 580 5 1 +4 - " - 
625 11.5 1 +5 - " - 
KC-18 
GG 13.1 550 12 1 +5 
PHN-2438 GG 6.4 670 9.5 1 +5 
NM-1442j GG 12.7 e500 0 1 +5 Disequil. textures (sec. cpx /gnt) 
PHN-2508 GW 10.0 590 10.8 1 +2 gnt exsolved from pyroxenes 
795 7 
LT-2 CG 7.1 630 6.6 1 +2 opx incl. in cpx, maximum P 
680 14 1 +3 
600 -.0 1 +5 
810 7 
LT-6 GG 6.0 660 5 1 +5 
L-6 GG 11.6 -650 <0 1 +5 Coronate, plag An52 
PHN-2567/5 CW 6.4 715 15.8 1 +2 
843 7 
LQ-1 GW 10.7 515 1.1 1 +2 575 °, 10 Kb w/ form. fr / analysis 
550 1 1 +5 No plag, minimum P 
700 7 
LQ-2 GG 4.4 750 7.5 1 +5 Qtz present 
LQ-4 GG 9.9 560 5.5 1 +4 - " - 
610 10.5 1 +5 
PHN-2494 GG 7.9 600 5.5 1 +4 
625 10 1 +5 
650 at 5 6 
700 at 10 6 
PB-2495 GG 7.4 650 9 1 +2 
635 9 1 +5 
770 7 
KN-195 GG 11.5 550 9.5 1 +5 
700 at 10 6 
KN-206 GW 7.2 690 16.5 1 +2 
750 7 
M-1 GG 8.2 575 8 1 +4 
625 10.5 1 +5 
M-3 GW 8.5 640 13.6 1 +2 
780 7 
M-5 GW 5.9 680 7.9 1 +2 
790 7 
L-9 GW 6.5 740 20.5 1 +2 
765 7 
L-12A GG 6.1 680 7.5 1 +4 
710 13.5 1 +5 
L-13 GG 10.0 560 4.5 1 +4 
580 11 1 +5 
L-16 GW 7.9 605 6.0 1 +2 
790 7 
L-17 GW 6.8 695 14.5 1 +2 
775 7 
L-20 GG 6.1 680 9.6 1 +2 
660 6.5 1 +5 
720 15.5 1 +3 No qtz, maximum P 
730 7 
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Table 5, (cont.) 
Sample 
KD 
Type (gnt /cpx) T °, C P1 Kb Method 
PHN -1646A GG 9.4 -550 
PHN -1670 GG 8.2 600 
PHN -2852 CG 7.0 650 
OVK -F 10303 GG 6.4 645 
695 
PHN- 2630/1 GW 8,8 580 
850 







GG 407 760 
770 
GG 7.0 625 
gnt /cpx; Róheim and Green (1974). 
opx+plag +gnt+qtz; Wood (1975). 
cpx /plag; Currie and Curtis (1976). 


























in tholeiitic compositions. However, the rocks 
studied here are basaltic in composition, and 
the garnets thus contain significant amounts 
of Ca. We will therefore use the P -T calibra- 
tion of Ráheim and Creen (1974). As mentioned 
above, our procedure for estimating the Fe3+ 
content of the pyroxenes probably biases our 
estimates toward higher KD (lower T) and lower 
Jd (lower P). On the basis of other studies 
(Mysen and Griffin, 1973) we estimate the prob- 
able error resulting from analytical uncertainty 
to be ± 75 °C and 2 Kb. 
The Jd content of diopside coexisting with 
albite can be used to define the P at given T, 
using the data of Kushiro (1969); in the absence 
of quartz this will be a minimum P. Currie 
and Curtis (1976) have recalibrated this baro- 
meter, taking into account the presence of 
other components in the clinopyroxene and 
plagioclase. By assuming that the last plagio- 
clase to disappear was albite, a minimum P 
can also be calculated for eclogites having 
>20% Jd in the pyroxene. 
The Al content of orthopyroxene coexisting 
with garnet can be used to calculate a P/T 
relation using the method of Wood (1974), which 
allows for the presence of Fe in both phases 
and of Ca in garnet. Wood (1975) has also 
proposed a geobarometer for opx +gnt +plag +qtz 
assemblages, but the calibration of this must 
be regarded as preliminary. 
The only available geothermometer for the 
two -pyroxene granulites from Monastery is that 
of Wood and Banno (1973) recently recalibrated 
by Wells (1977). Unfortunately this method 



















2: opx /gnt; Wood (1974). 
4: Di /Ab; Kushiro (1969). 
6: Ab /Or; Stormer (1975). 
Comments 
Plag An50. Unreliable 
No plag, minimum P 
reliability at T <800°C (see below). The 
clinopyroxenes in these rocks contain too 
little Jd, and the plagioclases too much An, 
to allow reliable use of the Currie and Curtis 
(1976) method. 
The P -T estimates presented in Table 5 are 
calculated using the analyses in Table 3, all 
of which represent the cores of the grains. 
We regard the marginal zoning observed in sons 
pyroxenes and plagioclase as a result of 
modification during transport in the kimherlit:. 
The core analyses should therefore give the 
closest approach to equilibrium conditions. 
Five samples give P ZO Kb; two of these 
have calcic plagioclase and three show dis- 
equilibrium textures. In general the Currie 
and Curtis method gives much higher P than oou:'. 
be estimated from Kushiro's data. As might be 
expected, the discrepancy is greatest for 
samples with Fe -rich pyroxenes and calcic 
plagioclases. There is reasonably good agree- 
ment between the Currie and Curtis values and 
those calculated from opx /gnt partitioning 
(Wood, 1974) for two samples (PHN -2495, LAO 
with sodic plagioclase, but not for PHN- 263C, 
in which the plagioclase is An50. We conclude 
that the Currie and Curtis values are reasonsbp' 
good for samples with plagioclase less cattle 
than An35 
Several garnet websterites yield pressures 
>15 Kb, and appear anomalous relative to the 
other samples (Fig. 8). These are all cases 
in which the orthopyroxene is Fe -rich and 
Al 
poor. These samples otherwise appear, as 
nnteJ 
above, to form part of a continuous variation 
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Fig. 8. P -T determinations on nodules of the garnet granulite 
suite (Table 5). Symbols as in Fig. 3 -7. Positions of Moho and 
Conrad discontinuities are from the Transvaal (Hales and Sacks, 
1959). Plag -out curves based on data for relevant compositions at 
1100 °C, extrapolated at 20 bars / °C (Ringwood, 1975). 
lower P, and there is also a correlation of 
calculated P with whole -rock Fe /Mg. 
We therefore prefer to regard these high 
pressures with caution. The geobarometer of 
Wood (1974) is calibrated essentially on Mg -rich 
compositions, and the extrapolation to higher 
Fe /Mg values may involve a systematic error. 
The P estimates for these low -Al samples are 
also very sensitive to KD (gnt /cpx) and thus 
to errors in the calculated Fe3+ contents of 
the clinopyroxenes. The effect of overestimat- 
ing Fe3+ is, however, to lower both P and T. 
For example, calculation of sample L -17 without 
Fe3+ raises P from 14.5 Kb to 28.5 Kb, and T 
from 695° to 945 °C. 
The calculated P -T values for the garnet 
granulites spread mostly between 5 -13 Kb and 
550 -770 °C (Fig. 8). There is no obvious cor- 
relation of high T with low values of Fe3+ 
in the pyroxenes; both the upper and lower 
envelopes enclosing the data points on Figure 8 
are closely limited by samples with Acm -free 
clinopyroxenes. Thus the indicated lower -T 
envelope cannot be moved to significantly 
higher T. The upper envelope may in fact lie 
at too high temperatures, but our experience 
with the calculation of Fe3+ in pyroxenes 
suggests that this is probably not so. Higher 
T estimates would lead to higher P estimates, 
and would imply that most of the plagioclase - 
bearing granulites come from below the Moho; 
we regard this as unlikely. 
The P/T boundaries for the disappearance 
of plagioclase from garnet -granulites of basaltic 
composition depend heavily on the details of 
bulk composition. The boundaries suggested 
by Green and Ringwood (1972) at 1100 °C are 
plotted in Figure 8, extrapolated to lower T 
along a gradient of 20 bars / °C as suggested 
by Ringwood (1975). Most garnet websterites 
lie above the plag -out line for alkali -poor 
olivine tholeiite, the closest relevant, 
experimentally studied composition. All 
eclogites with >20% Jd in the clinopyroxene 
plot above the plag -out line for alkali -olivine 
basalt (cf. analysis of PHN -2532, Table 2). 
Most of the garnet granulites are equivalent 
to high -Al olivine basalts, and the experimental 
boundaries in Figure 8 imply that they should 
retain plagioclase up to P = 15 -17 Kb at their 
calculated temperatures. The few analyzed 
granulites with lower Al contents, which should 
lose their plagioclase at P > 10 Kb, all plot 
below the plag -out line for alkali -olivine 
basalts. 
The internal consistency between the cal- 
culated P -T conditions and the extrapolated 
experimental boundaries suggests that the P -T 
estimates are reasonable, though it does not 
place narrow limits on the possible errors. 
We conclude that the bulk of the garnet granulite 
suite probably equilibrated as metamorphic rocks 
at temperatures between 550 -700 °C and pressures 
of 5 -13 Kb, and that these nodules come from 
various levels in the lower crust. 
The pyroxene granulites from Monastery Mine 
must have equilibrated below the garnet -in 
line for alkali -olivine basalt, which essentially 
overlaps the lowest plag -out curve in Figure 8. 
The three analyzed samples (as well as a garnet 
granulite and a garnet pyroxenite from Monastery) 
give cpx /opx temperatures ranging from 800 to 
79 
900 °C by the method of Wood and Danno (1973). 
This method gives temperatures for the rest 
of the garnet granulite suite from 780 -900° 
(100 -200 °C higher than the T given by the other 
methods). We consider these temperatures to 
be unrealistically high, but the complete overlap 
may indicate that the pyroxene granulites 
from Monastery Mine crystallized at similar T, 
but lower P than the Lesotho garnet granulite 
suite. 
Three spinel lherzolites from Lipelenang 
(Carswell and Griffin, unpublished) give temper- 
atures of 820 -860 °C by both the cpx /opx ther- 
mometer of Wood and Banno (1973) and the opx/ 
spinel geothermometer of Obata (1976), and 
715 -790 °C by the thermometer of Wells (1977). 
We assume that these rocks come from below the 
base of the crust, but that they crystallized 
at pressures below the spinel lherzolite /garnet 
lherzolite boundary. The lower T estimates 
are similar to those obtained on the garnet 
granulite suite by the same method. This is 
consistent with equilibration at P = 12 -15 Kb 
according to the boundary of O'Hara et al. 
(1971), roughly along the same geotherm as 
the granulites. 
Discussion 
Composition of the lower crust: No seismic 
data are available from Lesotho, so inferences 
about the crustal structure there must be drawn 
from geophysical studies of the neighboring 
regions. Hales and Sacks (1959) used earth 
tremors in the Witwatersrand to study crustal 
structure along a traverse from Johannesburg 
eastward to the coast, across the edge of the 
Kaapvaal craton. They found the depth to 
Moho along the traverse to be about 37 km, in 
agreement with earlier studies. The sub -Moho 
VD (7.96 km /sec) is lower than in other parts 
of the Transvaal. The seismic data define a 
two -layer crust. The upper layer has V = 6.0 
km /sec, indicating a low density and probably 
a "granitic" composition. Well within the 
craton, the lower layer gives V = 6.7 km /sec, 
and the depth to the Conrad Discontinuity is 
about 22 km. The V increases both with depth 
within the layer, and along the traverse toward 
the coast, reaching V - 7.2 km /sec near the 
edge of the craton, as the depth to Conrad 
increases to about 28 km. Data for both P 
and S waves at stations outside the edge of the 
craton suggest a depth to Conrad of ca. 25 km. 
The seismic data thus indicate the presence of 
an intermediate- velocity lower -crustal layer 
beneath both the craton and the bordering mobile 
belt; this layer appears to be both thicker 
and denser near the edge of the craton. 
If these data can be applied to Lesotho, 
then our P -T estimates (Table 5, Fig. 8) indicate 
that the nodules of the garnet- granulite suite 
come largely, if not entirely, from the sub - 
Conrad layer. This is not unreasonable, since 
80 
many lines of evidence suggest that the deep 
continental crust must consist mainly of 
granulite -facies rocks (Heier, 1973). 
The overall composition of the lower- crusca 
layer will depend on the proportions of basic 
granulites, eclogites /garnet websterites and 
intermediate /acidic granulites. Our sampling 
was not designed to be representative, andis 
clearly biased toward the mafic rock types. 
This is mainly because the more felsic granu- 
lites collected by us are typically heavily 
altered, especially in the smaller nodules. 
About 12% of the "eclogites" examined by Math! 
et al. (1970) contained plagioclase; this is 
clearly not a representative proportion either, 
The most reliable estimate is probably that 
of Bloomer and Nixon (1973), who counted the 
proportions of different rock types in a large 
sample from the Letseng -la -Terae concentrates, 
Garnet -bearing rocks of presumed lower- crustal 
origin made up 62% of all nodules and 85% of 
the crustal ones. Of these, 36% were garnet 
granulite, 6% eclogites and the rest (58 %) 
acid garnet gneisses, garnet amphibolites, 
etc. The separation of lower -crustal from 
upper -crustal lithologies in the last group 
is difficult, but many of these probably cor- 
respond to our sample LT -2, an intermediate 
granulite. The relative proportions of rock 
types clearly vary from pipe to pipe: for 
example, eclogites are quite abundant at Ka. 
However, a 1:1 ratio of basic granulites+ 
eclogites + garnet websterites to acid + inter 
mediate granulites may be roughly correct for 
the nodule suite. Is it also correct for the 
lower crust? 
We have measured the density of our samples 
where they were large enough and fresh enough 
to give reliable results (Table 1). The aver. ;: 
density of the basic garnet granulites is 3.1 
g /cm3; the eclogites and garnet websterites 
average 3.4 g /cm3. If these values are comblr, 
in the 6:1 proportion found by Bloomer and 
Nixon (1973), the average density of the garner 
granulite suite is about 3.15 g /cm3. The onll 
fresh intermediate granulite (LT -2) has a much 
lower density(2.74 g /cm3). 
The lower -crustal seismic velocities moon'. 
by Hales and Sacks (1959) beneath the craton 
(6.7 km /sec) and beneath the mobile belt 1.1.1 
km /sec) may be converted to average densitles 
using the empirical relation found for granultt 
facies rocks by Christensen and Fountain 
(191ió 
According to this relation (V a 0.33 
+ 2,21t) 
the cratonic lower crust has án average 
denetp' 
of 2.81 g /cm3, while that beneath the mobile 
belt has p = 3.03 g /cm3. If the crust 
isa 
mixture of the basic granulite suite and 
inter 
mediate rocks like LT -2, then the proportion 
l 
basic rocks must increase from 15 -20% 
beneath 
the craton to 70 -75% beneath the mobile 
belt. 
If more acidic rocks are present, or 
if the 
very dense eclogites are regarded as 
ninth: 
rocks, the proportion of mafic rocks 
must be 
somewhat larger in both cases, Thy', lower 
proportion of basic rocks beneath the craton 
is consistent with the apparent absence (or 
great rarity ?) of euch nodules in the extensively 
studied cratoníc kimberlites. 
The estimates based on seismic velocities 
are only approximate, and assume that seismic 
data from the Transvaal are relevant to Lesotho. 
Nevertheless, these data and those of Bloomer 
and Nixon (1973) imply that the lower crust 
beneath Lesotho is a roughly equal mixture 
of basic granulites and intermediate /acid gran- 
ulites, with smaller proportions of eclogites 
and garnet websterites. The layered nature of 
our samples suggests that this part of the 
crust is compositionally layered on scales 
ranging from cm to meters. The overall composi- 
tion may be roughly dioritic, end was proposed 
for the deep continental crust in general by 
den Tex (1965)." This inference is also con- 
sistent with the conclusion of Windom and 
Boettcher (1976), based on experimental studies 
of plagioclase- garnet reactions, that a Conrad 
discontinuity should be observable only in 
areas where the lower crust contains large 
amounts of basic rocks. This lower -crustal 
layer is essentially anhydrous, though small 
amounts of S03 and CO 
2 
may be stored in scapol- 
ites, which are present in at least 15% of our 
samples. 
Origin of the Granulite Complex 
The lower crust in continental shield areas 
is generally believed to be intermediate in 
average composition, as shown by numerous 
studies of medium -and high -pressure granulite - 
facies terranes (Heier, 1973). Our interpreta- 
tion of the seismic data suggests a larger 
proportion of basic rocks and a more basic 
average composition. How has this complex 
formed? 
The basic rocks of the garnet -granulite 
suite are unlikely to represent recrystallized 
Karroo -period igneous rocks. The Karroo vol- 
canics are tholeiitic, and lower in A1203 than 
the basic granulites. Furthermore, the zircon 
ages from two nodules indicate that the gran- 
ulites are Precambrian rocks. Whole -rock 
chemical data discussed above indicate that 
the basic rocks are not genetically related 
to one another as members of a single igneous 
suite. The trace -element data further suggest 
that the garnet granulite suite has been depleted 
in LIL elements, probably during high -grade 
metamorphism and anatexis. 
We therefore envisage the lower -crustal 
suite as a polygenetic complex with a prolonged 
history of intrusion, metamorphism and anatexis. 
These processes have produced a residuum enriched 
in refractory basic lithologies, and depleted 
in acidic rocks, relative to the normal contin- 
ental lower crust. It may be comparable to, 
for example, the Fraser Range block of the 
Australian shield, estimated to contain ca. 
60% basir granulite- facies rocks (Lambert and 
Heier, 1968). 
The mobile belt bordering the Knapvnnl craton 
Is believed to have formed through multistage 
reworking of the cratoníc rocks (Kriiner, 1977). 
The reworking processes were apparently respons- 
ible for both the formation of granulite -facies 
rocks and for the accumulation of basic rocks 
in deep crust. We envisage three possible 
mechanisms: (1) anatexis and subsequent removal 
of the more acidic components, (2) intrusion 
of basic rocks into the lower crust during 
and after orogenic episodes, (3) lateral emplace- 
ment of basic material (? oceanic crust) beneath 
the craton margin by subduction (cf. the 
apparent existence of subducted oceanic rocks 
beneath the Colorado Plateau; Helmstaedt and 
Doig, 1975). The absence of the granulite suite 
within the craton suggests that these mechanisms 
were specific to the mobile belt. 
Comparison with other suites 
(1) Surface outcrops of granulite and 
eclogite: The Lesotho nodules differ markedly 
in one respect from most granulite suites; the 
clinopyroxenes have the high Jd /Ts ratios 
characteristic of eclogites (Fig. 5). White's 
(1964) distinction between granulite and eclogite 
pyroxenes was drawn on the basis of samples 
from surface outcrops, and has proven to hold 
true for many granulites and eclogites analyzed 
since 1964. We interpret the chemistry of the 
clinopyroxenes in the Lesotho rocks as reflect- 
ing a quenched high -pressure pyroxene /plagioclase 
equilibrium consistent with that predicted from 
experimental studies (Green and Ringwood, 1967). 
To our knowledge this relation has not been 
demonstrated previously. 
Under uniform P -T conditions, one would 
expect a positive correlation of Jd /Jd +Ts in 
the clinopyroxenes with Ab /Ab +An in the plagio- 
clase over a wide range of bulk compositions. 
The scatter observed in Figure 6 may be attributed 
partly to the equilibration of these samples 
under a range of P -T conditions. Analytical 
errors, especially in the estimation of Fe3+ 
in clinopyroxene, will also contribute to scatter 
in the calculated Jd /Jd +Ts. The low Jd /Ts ratios 
of the pyroxenes in granulites from surface 
outcrops are probably an effect of reequilibra- 
tion of the pyroxene -plagioclase pairs during 
uplift and cooling (Griffin and Carswell, in 
prep.). 
The polygonal granoblastic textures so 
characteristic of these nodules are apparently 
not typical of eclogites in gneisses nor of 
most granulite terranes. These annealed tex- 
tures may be typical of rocks in the lower 
crust, where recrystallization has occurred 
under static conditions over long periods of 
time (Nixon, 1973; cf. Padovani and Carter, 
1977). However, the high heat flow during 
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the Karroo volcanic period may a L,o have been 
important in promoting textural _y'iilibrium. 
(2) Griquaites: Nixon (1973) has suggested 
reserving the name "eclogite" for crustal rocks 
and calling mantle- derived garnet -clinopyroxene 
rocks "griquaites ". Crustal types were to be 
recognized on the basis of their finer grain 
size and granoblastic textures. The problem 
of making this distinction in practice is shown 
by the fact that four "griquaites" from Kao 
and Sekdmeng (Nixon and Boyd, 1973a, b) are 
indistinguishable in garnet and clinopyroxene 
chemistry from the granulites and fine-to- medium- 
grained eclogites analyzed by us (Fig. 7). 
On the other hand, the type griquaites of 
Roberts Victor Mine and the similar rocks 
from Newlands (both diamondiferous), as well 
as the Thaba Putsoa type with subcalcic diopside, 
can all be separated from our garnet- granulite 
suite on the basis of garnet chemistry (Fig. 7). 
Some of these griquaite garnets have moderate 
TiO 
2 
and Cr2O3 contents, while our samples are 
essentially Ti- and Cr -free. The classic 
griquaites also appear to have lower values 
of KEe -Mg (gnt -cpx) than the eclogites of the 
garnet -granulite suite. The use of the term 
" griquaite" for these mantle- derived eclogites 
may therefore be useful if the distinction is 
made on the basis of mineral chemistry. 
(3) Other crustal nodule suites: Few 
comparable nodule suites have been described in 
detail previously. Irving (1974) has described 
garnet clinopyroxenites (- plag), garnet web - 
sterites and two -pyroxene granulites from the 
basaltic pipes at Delegate, New S. Wales, 
Australia. The granulites were inferred to have 
come from the lower crust, but equilibration 
temperatures could only be fixed to el150 °C. 
The garnet pyroxenites and garnet websterites 
were interpreted as upper mantle (13 -17 Kb) 
cumulates. 
Padovani and Carter (1977) describe 
nodules of two -pyroxene basic granulites and 
aluminous garnet granulites from the Kilbourne 
Hole maar, which lies in a region of high heat 
flow. 
McCallum and Eggler (1976) have inferred 
pressures of equilibration of 12 -25 Kb (T = 
700 -850 °C) for garnet websterites from the 
Sloan diatreme, Wyoming; they also suggested 
that the lower crust here consists of granulites 
and pyroxenites, but presented no analyses of 
these rocks. McCetchin and Silver (1972) 
presented size /abundance data on the nodule 
suite from Moses Rock dike, Utah, and concluded 
that basic garnet granulite ( "garnetiferous 
metagabbro ") was the dominant rock type in the 
lower crust, grading downward to eclogitic rocks 
and pyroxenites. The Lesotho data suggest that 
these rocks may in fact "coexist" with granu- 
lites, but data on the mineral chemistry of the 
Moses Rock nodules would be necessary to confirm 
this. 
Meyer. and Brookins (1976) described aluminous 
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basic granulites from the Stockdale pipes, 
Kansas. Their estimated P -T conditions 
(85(101 
12 Kb) are based on treating all Fe as FeO. 
Recalculation of the analyses for sample 
11284 
(the one that satisfies charge -balance 
require- 
ments) on the basis used here yields P 
T = 625 -690 °, compatible with the estimates 
for Lesotho. Eclogites from this pipe (Meyer 
and Brookins, 1971) are similar in mineral 
chemistry to those described here, and probably 
come from the lower crust rather than from 
the mantle. 
The available data thus suggest that the 
lower crust in most areas sampled by kimber- 
lites or basaltic diatremes is dominantly bask 
in composition. Where heat flow is unusually 
high, as in areas undergoing basaltic volcanisa, 
these rocks are represented mainly by two pyre - 
ene granulites. In areas of moderate heat 
flow, garnet granulites, pyroxenites and eclog- 
ites dominate the lower -- crustal nodule suite, 
The Mohorovic Discontinuity beneath Lesotho 
The ultramafic nodules from the Lesotho 
kimberlites have been intensively studied In 
several laboratories, and their equilibrium 
P and T have been estimated by reference to 
experimental work on the Di -En and En -Py systea: 
(Boyd, 1973; Boyd and Nixon, 1975). These 
estimates define a "pyroxene geotherm" in the 
depth range 85 -150 km, which closely approx- 
imates the generalized "Shield geotherm"of 
Clark and Ringwood (1964). However, these 
studies have not identified any nodules that 
originate from the upper mantle at depths bet 
ca. 35 and 85 km. Spinel lherzolites do occur 
in the kimberlites at Lipelenang and Ngopetseu 
in Lesotho. However, the rarity of such 
materials in the Lesotho and South African 
kimberlites suggests that they do not represent 
the normal upper mantle beneath this area 
It is possible that the kimberlites simply 
do not sample the uppermost mantle, for mechan- 
ical reasons. Alternatively, the uppermost 
mantle may be represented by dunites, harz- 
burgites or other lithologies for whichP -T 
estimates are not yet available, but these 
nodules are also rare in the Lesotho pipes. 
Carswell et al. (this volume), have argued 
that the apparent gap in the sampling may be 
an artifact produced by the calculation pro- 
cedure. The smaller T dependence of the Geri' 
arm of the Di -En solvus at low temperatures 
may result in an overestimation of temperatures 
in the 700 -950 °C range, and displace all 
determinations to higher T (and thus higher 
P) (cf. Mori and Creen, 1976; Lindsley and 
Dixon, 1976). In this case the uppermost mantl' 
may in fact be represented by numerous garnet 
- 
lherzolite nodules. 
Another possibility is that the upper 
mnatl+ 
from 35 -85 km depth consists largely of 01411 
and garnet websterites, with smaller ammmts 
of garnet granulites of gabbroic- anorthosite 
or andesitic 
composition (Fig. 8). We inter- 
pret the eclogites studied here as crustal 
rocks, because of 
their similarities to the 
granulites, but it 
is important to note that 
the pressure estimates on these rocks are only 
minimum values. Several garnet 
websterites 
from our suite yield P -T estimates that would 
place them at depths of 45 -60 km (Fig. 8). 
These high pressures may be spurious, but 
pending better calibration of the opx /g 
barometer, we must consider the possibility 
that these rocks are in fact fragments of the 
uppermost mantle. The eclogites and websterites 
have densities corresponding to the measured 
sub -Hoho seismic velocities in the Transysaal 
(Vp .. 7.9 -8.0, Hales and Sacks (1959)). 
The arguments against an eclogitic upper 
mantle (summarized by Ringwood, 1975) are based 
heavily on large -scale geophysical and geo- 
chemical models. They may not be relevant to 
the existence of a relatively thin (40 -50 km) 
eclogitic layer immediately underlying the con- 
tinental crust in shield areas. Until some 
ultrabasic rocks are definitely identified as 
coming from the uppermost mantle, the possibility 
of an eclogite- or pyroxenite -rich zone must 
remain open. This model would imply that the 
Moho beneath Lesotho represents a narrow zone 
beneath which eclogite and garnet websterite 
become the dominant rock types. We envisage 
such a zone as being produced by an underplating 
process. Ascending magmas would tend to pond 
up, at least temporarily, at the base of the 
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Fig. 9. Ranges of KD (Fe(Mg)gnt /Fe(Mg)cpx) 
in the garnet granulite suite and in some 
comparable suites of eclogites. The Norwegian 
eclogites are "crustal" (Krogh, 1977), the 
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Fig. 10. Relation between the P -T field of 
the garnet granulite suite (crosshatched) and 
various proposed geotherms.. Crossed dots are 
the high -Fe, low -Al garnet pyroxenites; these 
P -T estimates may be spurious. 
crust due to the density contrast, whif,ch would 
reduce their buoyancy. Cumulates from these 
magmas would be relatively mafic, and on cooling 
would be converted to eclogites and garnet 
websterites. Eclogites formed from large 
cumulate masses in the lower crust would also, 
with time, tend to sink through the crust and 
accumulate near the Moho. Eventually, these 
processes could build up a thick layer of basic 
rocks with eclogite -facies mineral assemblages. 
The shallower parts of the garnet -granulite 
suite, representing most of our samples, may 
also be the result of these processes, as sug- 
gested above: 
The Mid -Cretaceous geotherm beneath Lesotho 
The P -T estimates in Figure 8 are mostly 
contained between two curves, which are sharply 
concave due to the low pressures estimated 
for a few samples. Moving these samples to 
higher pressures (and thus higher T) would allow 
the high -T curve to he smoothed out somewhat, 
but the positions of these curves in the 6 -10 
Kb range seem reasonably well -established and 
imply average temperatures of 600 -6500C in this 
depth interval. 
These temperatures are higher by 200 -2500C 
than those predicted by the "Shield geotherm" 
of Clark and Ringwood (1964) and the low -P 
extension of the "pyroxene geotherm" of Boyd 
and Nixon (1975) (Fig. 10). It might be argued 
that these temperatures are relics after a 
83 
granulite -facies regional metamorphic event, 
and that the mineral assemblages have failed 
to completely equilibrate during post- metamorphic 
cooling to a "Shield geotherm ". However, the 
present -day heat flow in the Karroo basin is 
very high (1.41 h.f.u., Clark and Ringwood, 
1964), and presumably was still higher immedi- 
ately after the Karroo volcanism had ceased 
ca. 90 m.y. ago. The crustal geotherm defined 
by the nodule suite is consistent with this 
high heat flow; this suggests that he equilibra- 
tion temperatures of the nodules do record the 
actual crustal temperatures at the time of 
kimberlite eruption. Such a conclusion is also 
consistent with the annealed textures of most 
nodules, which may be ascribed to Karroo- period 
heating in a static environment. 
Gabbroic intrusions of varying size, intruded 
during the Karroo volcanic activity, would 
perturb the local geotherm to varying degrees. 
This effect may explain the wide range in the 
T estimates, at each P, shown by the garnet 
granulite suite. The two -pyroxene granulites 
from Monastery Mine appear to imply somewhat 
elevated T at shallow P. Since gabbro is one 
of the most common nodule types at Monastery 
Mine, the pyroxene granulite nodules may be 
samples of a widespread contact -metamorphic 
aureole. 
Our data suggest that the "pyroxene geotherm" 
of Boyd and Nixon (1975) is only valid for the 
deeper parts of the upper mantle, while temper- 
atures in the uppermost mantle and lower crust 
lay well above those predicted by the "Shield 
geotherm ". This in turn implies a complicated 
thermal structure, with several inflections, 
in the 0 -250 km depth region during Cretaceous 
time. 
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Abstract. The Pipe 200 ultramafic nodule suite 
isdonin.ated by relatively depleted garnet- and /or 
chromite- bearing lherzolites (whole rock 100 Mg/ 
(Mg+Fe) 91.0- 93.5). These contain olivines 
(Fa 7.0 -8.6), orthopyroxenes (Fs 6.3 -7.7) with 
0.54 -1.04 wt.% A120 ?, clinopyroxenes with consis- 
tent 100 Ca /(Ca +Mg) (46.0 -48.4) but variable A1203, 
(1.64 -3.99 wt. %), Crz03 (1.59 -4.25 wt. %) and Na20 
(0.81 -3.14 wt. %), chrome p "rope garnets and /or 
primary magnesiochromites. By contrast four 
ultradepleted chromite harzburgites /lherzolite 
(100 Mg /(Mg +Fe) 95.0 -95.4) contain more magnesian 
olivines (Fa 4.9 -5.0) and orthopyroxenes (Fs 4.1- 
4.3). 
Provisionally preferred P/T estimates for the 
garnet- bearing lherzolites are 906 -949 °C and 24.5- 
30.8 kb, the temperature range being somewhat 
wider (873 -962 °C) if one also includes lherzolites 
in which garnet is absent but is considered likely 
to have been originally present. An ultradepleted 
chromite lherzolite nodule, which is unlikely to 
have ever contained garnet, yields an equivalent 
equilibration temperature of 950 °C. It is con- 
cluded that these various ultramafic nodules may 
all have been derived from much the same depth 
zone in the mantle (roughly 70 -100 km below sur- 
face on preferred estimates), the presence or ab- 
sence of primary chromite relative to garnet being 
related to shifts in the position of the spinel 
lherzolite /garnet lherzolite transition boundary 
for compositions with various Cr203 /(Cr203 +A120a) 
ratios. The observed nodule suite does, however, 
contain one harzburgite nodule with more alum - 
inous primary spinel and orthopyroxene which seems likely to have equilibrated under signi- 
ficantly lower P/T conditions and hence have been derived from depths < 50 km. 
Mineralogical 
and chemical comparison between the Pipe 200 ultramafic nodules and those from 
other pipes in northern Lesotho and in the 
Kimberley area, as well as in the Lashaine volcano, 
indicates that the mantle beneath Pipe 200 and 
much of northern Lesotho may be extensively de- 
pleted down to greater depths, perhaps reflecting 
the intensive Karroo volcanism in that area. 
Introduction 
Pipe 200 in northern Lesotho is situated close 
to the Letele Pass road about 8 km west of the 
better known kimberlites of the Kao area. The 
main intrusion of the pipe outcrops on the western 
bank of the Malibamatso River (see Kresten and 
Dempster, 1973; including Plate 41B). In addition 
to numerous nodules of obvious crustal origin 
(basalts, sandstones, gneisses, etc.) this kimber- 
lite pipe also contains common ultramafic nodules 
of likely mantle derivation. These are mainly 
lherzolites with or without small amounts of pur- 
ple garnet. 
We decided to study the whole rock and mineral 
chemistry of these particular nodules, in order to 
compare them with the contrasting granular and 
sheared ultramafic nodule types described by Nixon 
and Boyd (1973) from other kimberlite pipes in 
northern Lesotho, notably Thaba Putsoa and Mothae. 
We also wished to determine whether the presence 
or absence of garnet in these nodules is related 
to varying whole rock chemistry or to different 
depths of derivation in the mantle. 
Petrography 
All thirty -four ultramafic nodules which we 
have examined from Pipe 200 are of the common 
'coarse grained' or 'granular' textured types as 
defined by Boullier and Nicholas (1973) and Boyd 
and Nixon (1972), respectively. Olivines and 
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TOTAL 99.43 100.01 100.26 100.51 99.41 100.04 99.94 99.74 100.22 99.99 10C 
100 Mg /(Mg+Fe) 95.0 92.0 93.5 92.7 95.4 92.7 92.8 92.9 91.3 91.0 9: 
100 Cr /(Cr +Al) 20.1 19.1 22.2 22.2 48.9 34.7 25.7 13.7 4.2 20.7 2: 
Rock Types: CL - Chromite Lherzolite CH - Chromite Harzburgite SH - Spinel Harzburgite 
GCL - Garnet Chromite Lherzolite GL - Garnet Lherzolite OP - Garnet Pyroxenite 
(G) - In parentheses indicates that garnet thought likely to be a member of the original primary 
assemblage, although now absent 
enstatites do, however, show evidence of slight 
deformation with blurred kink band development and 
more rarely grain flattening giving a crude tabu- 
lar texture. 
Mineralogically most of the Pipe 200 ultramafic 
nodules are lherzolites with forsteritic olivine 
(65 -75 vol.%) and enstatite (20 -30 vol.%) the two 
dominant minerals. In the analytical tables peri- 
dotite nodules are classified as lherzolites if 
there was any chrome diopside visible in thin sec- 
tion or hand specimen. Amounts of the bright 
green chrome diopside phase are always small (< 5 
vol.%) more typically only 1 -2 vol. %. Likewise 
the amounts of the other characterising phases 
garnet and /or chromite, are also small (1 -2 vol.% 
on average). 
The chrome pyrope garnets invariably have ex- 
tensive semi- opaque kelyphite alteration rims 
often coarsening and clearing somewhat towards 
their outer margin so that one can discern numer- 
ous small yellowish or reddish brown spinel grains 
associated with pale coloured amphibole and /or 
phlogopite. PTH 202 and 205 now lack garnet but 
are designated as '(garnet) chromite lherzolites', 
12S 
since characteristic kelyphite alteration 
patches indicate its previous presence. 
Where present, the large discrete deep red 
brown primary chrome spinels (chromites) are 
petrographically distinct from the smaller sea 
dary spinels associated with the breakdovnaf 
garnets. PTH 201 is designated a spinel harO 
ite on analytical evidence that the primary 
spinels are more aluminous than in the other' 
ules. Of the thirty -four ultramafic nodules 
studied, sixteen contained only garnet (i116 
analysed samples PTH 102, 210, 400, 403, A 
405, 406 and 407), eight contained bothprlr 
chromite and garnet (including analysed se,*le 
PTH 207, 401, 409 and 410), two have primary 
chromite and scarce kelyphite patches indict 
the previous presence of garnets (PTH 2022 
205), and eight apparently contained only Ca: 
site (analysed samples PTE 107, 108, 201,92 
301, 302, 303 and 304), although of those'" 
108 and 304 may arguably have also originall! 
tained garnet. 
The garnet pyroxene nodule, PTE 210, 1.0 
ef 
ceptional in that it lacks olivine and 
has 
200 Ultramafic Nodules. 
PTH PTH PTH PTH ?TH PTH 
403 404 405 406 407 409 
GL GL GL GL GL GCL 
~.73 
45.11 46.22 45.32 45.06 44.82 
0.04 0.04 0.02 0.03 0.10 0.17 
1.16 0.73 1.06 _.64 1.09 0.59 
0.32 0.32 ..32 0.35 0.23 
2.93 2.09 2.62 2.27 2.13 2.64 
4.30 3.93 4.16 4.59 4.29 3.41 
0.12 0.11 0.11 0.12 0.11 0.11 
0.26 0.29 0.28 0.29 0.29 0.30 
41.13 43.45 42.31 41.54 43.32 43.01 
0.98 0.95 0.57 1.22 0.85 0.43 
0.13 0.12 0.10 0.12 0.11 0.10 
0.12 0.04 0.07 0.09 0.12 0.09 
0.04 0.06 0.03 0.03 0.05 0.03 
2.63 2.36 1.65 1.66 2.3/ 4.05 
NIL NIL NIL NIL 0.23 NIL 
100.02 99.60 100.02 99.74 100.42 100.02 
91.3 93.0 92.1 91.8 92.6 93.0 
18.8 22.7 16.8 11.6 17.7 24.4 
contents of both garnet and clinopyroxene, 
approximately 15 and 50 vol.% respectively. A 
garnet granulite nodule and four eclogite nodules 
from Pipe 200 are described elsewhere by Griffin 
et al. (1978). 
Ail ultramafic nodules are relatively fresh 
but do show some serpentinisation and additional 
infiltration metasomatism effects reflected in 
the growth of small amounts of secondary phlogo- 
pite, carbonate, apatite, ilmenite and /or rutile. 
Rock Chemistry 
Whole rock analyses for seventeen nodule sam- 
ples are presented in Table 1. Samples were anal- 
ysed by a combination of 'wet' chemical techniques 
(spectrophotometric, gravimetric, titration and 
atomic absorption) at the University of Sheffield. 
Excluding for the moment the garnet pyroxenite 
nodule PTA 210, it is apparent that the suite of 
Pipe 200 ultramafic nodules taken as a whole is 
characterised by high Mg /(Mg+Fe) and Cr /(Cr+Al) 
ratios, and low Ca0 and NaSO contents. This re- 
flects their refractory and highly depleted chemi- 
cal nature in terms of their basalt -yielding po- 
tential. The garnet -bearing iherzolices from Pipe 
200 are of broadly similar chemistr.. (see Table 2) 
to the granular textured garnet lherzolites in the 
nearby Thaba ?utsca, `tochae and Lighobon.g pipes, 
but contrast strikingly with the relatively fer- 
tile, sheared garnet lherzolite nodules in those 
pipes (Nixon and Boyd, 1973). They are also some- 
what more depleted than in the common granular 
textured garnet lherzolites found _.. :he Kimberley 
area pipes and the unbanded coarse grained granu- 
lar or fiase: textured garnet 1herzolites from the 
Matso.1.. pipe (Carswell and Dawson, 197';; Ccx et a1-, 
1373). be noted _-.a_ values 
for .. "atsoku ultramafic nodules, as given is 
Table 26 of Cox et al. (1973), are almost certain- 
ly in serious error. Calculation of whole rock 
compositions using the mineral analyses and modes 
indicates that _he Na,0 va'_Ues quoted are often 
unrealistically low. Hence the average Na:0 value 
quoted for the vatsoku 'common peridotices' in 
Table 2 involves a correction to tie Na20 figures 
for the analyses taken from Cox et al., (1973). 
Consideration of the internal chemical varia- 
tion within the suite of analysed ripe 200 ultra- 
mafic nodules (Table 1) shows chat there are fair - 
ly constant differences in whsle rock chemistry 
between the garnet -only lherzolites, garnet + 
chromite lherzolites, and chrotice -on' arzburg- 
ices /lherzolites. Mg /(Mg_Fe) and Cr /(Cr +.al) 
increase and l203, Ca0 and `:a :0 contents decrease 
for the nodule types in _hat __der, _.. decreas- 
ing amounts of drone dicpside as well as garnet. 
In fact, of the ultra -depleted chromite harzburg- 
ites / lherzolites which lack petrographic evidence 
suggesting that they originally contained garnet, 
only PTH 203 contains any visible chrome diopside 
and even then as confirmed by the- low CaO. and NazO 
contents, only trace amounts. There is also a 
general increase in HgO /SiOz ratio from the garnet 
lherzolites to the chromite harzburgites/lherzo- 
lites reflecting increased modal contents of oli- 
vine relative to enstacite. Thus, as illustrated 
on Figure 1, the chromite harzburgites /lherzolites 
have more depleted compositions than the garnet 
lherzolites, indicating that modal mineralogy may 
be mainly controlled by whole rock chemistry. 
The fact that on Figure 1 the composition 
points for PTH 202 and 108 plot close to the boun- 
dary between the garnet -only and garnet + chromite 
fields supports our petrographic interpretation 
that these nodules originally contained garnet. 
PTH 202 (and likewise 205) contains kelyphite 
patches which indicate the original presence of 
garnet, whilst PTH 108 contains clusters of small 
chromite grains associated with coarser phlogopice 
and chrome diopside which arguably may have formed 
at the expense of original garnet. On the other 
hand, the spinel harzburgite PTH 201, which like- 
wise plots in the garnet + chromite field, lacks 
any petrographic evidence to suggest that it may 
originally have contained garnet. 
As expected, the garnet pyroxenite nodule PTH 
210 contrasts strikingly in its chemical composi- 
129 
TABLE 2. Comparison of Carnet Lherzolites from Pipe 200 
with Those from Other Localities. 
Rock Type A B C D E F 
Si02 46.83 45.80 43.89 47.44 46.56 44.61 
TiO2 0.08 0.03 0.16 0.07 0.08 0.08 
A1203 0.91 0.51 1.85 1.62 1.90 1.85 
Cr203 0.30 0.21 0.22 0.41 0.31 0.44 
*Fe0 6.43 6.23 8.58 6.48 6.60 6.95 
Mn0 0.11 0.10 0.12 0.11 0.11 0.12 
Ni0 0.30 0.18 0.23 0.33 0.29 0.37 
Mg0 43.97 46.06 42.94 42.39 42.67 44.20 
CaO 0.84 0.32 1.86 1.12 1.14 1.22 
Na20 0.12 0.06 0.21 0.14 0.18 0.17 
K20 0.08 0.03 0.03 0.11 0.14 0.08 
P205 0.04 0.00 0.00 0.03 0.04 0.08 
* Total Fe expressed 
in all cases. 
as Fe0 and analyses recalculated anhydrous to 100% 
100 Mg /(Mg+Fe) 92.4 92.9 
100 Cr/(Cr+A1) 19.4 23.3 
89.9 92.1 
7.9 14.8 
A - Garnet lherzolites from Pipe 200 (mean of 10). 
92.0 92.0 
10.1 14.2 
B -. Granular garnet lherzolites from Thaba Putsoa, Mothae and Liqhobong 
(mean of 4) - Nixon and Boyd (1973). 
C - Sheared garnet lherzolites from Thaba Putsoa and Mothae (mean of 6) 
- Nixon and Boyd (1973). 
D - Unbanded garnet lherzolites (common peridotites) from Matsoku 
(mean of 5) - Cox et al. (1973); Carswell and Dawson (1970). 
E - Common type garnet lherzolites from Kimberley Mines (mean of 23) - 
Analyses from Holmes (1936), Ito and Kennedy (1967), Whitfield 
(1971), Berg and O'Hara (1973), Carswell and Dawson (1970), and 
unpublished data. The data presented by Chen (1971) are delib- 
erately excluded on the grounds of incompatibility with data from 
other sources, in particular Mg /(Mg+Fe) values are consistently 
lower at equivalent CaO, A1203 and Cr /(Cr +Al) values suggesting 
that the analytical Mg0 values are too low. 
F - Garnet lherzolites from Lashaine volcano, Tanzania (mean of 5) - 
Rhodes and Dawson (1975), Ridley and Dawson (1975). 
tion with the peridotite nodule suite, especially 
in its much higher A1203, Ca0 and Na20 contents 
and lower Cr /(Cr +Al) ratio. In terms of rock 
chemistry, as well as in modal mineralogy, this 
nodule resembles certain of the Matsoku pyroxenite/ 
peridotite nodules (Cox et al., 1973) interpreted 
as mantle cumulates of moderately evolved magmatic 
liquids (Gurney et al., 1975). However, whilst 
the Matsoku nodules show a striking trend of de- 
creasing Mg /(Mg +Fe) with increased A1203, Ca0 and 
Na20 contents, this is not apparent in the Pi 
200 garnet pyroxenite. Its 100 Mg /(Mg +Fe) tai' 
(91.3) is in fact within the range of values 
(91.0 -93.5) observed in the common garnet lht' 
lites from Pipe 200. It also has a signifiw 
lower Na20 /Ca0 ratio (0.033) when compared 
ut= 
the proposed Matsoku cumulate nodules (mean "' 
and does not show the banded texture seen i°' 
of the latter. 
The low, but nevertheless variable, conte- 
of 'incompatible' elements such as Ti, K and P in 
the Pipe 200 nodules merit some comment. The 
variability in the contents of these elements 
(especially of Ti) in the various peridotite nodu- 
les and comparison with contents in the various 
primary mineral phases indicate that the base 
levels for these elements in these mantle -derived 
samples prior to incorporation in the kimberlice 
are likely to have been extremely low, probably in 
the order of 3.01 -0.02 wt.% for the oxides of each 
of these elements. Concentrations above these Low 
base levels seem likely to have resulted from it- 
filtration metasomatism C. -ar :e et al., 1975) due 
to contamination by the enclosing kimberlite magma. 
Mineral Chemistry 
The minerals in these nodules were analysed by 
electron microprobe mostly at Dalhousie University 
but some at the University of Edinburgh. Most 
quoted analyses are averages of several point an- 
alyses of different grains. The data were ac- 
quired on both conventional crystal spectrometry 
and energy dispersive systems and as a result of 
background uncertainty and detector sensitivity, 
considerable uncertainty is associated with con- 
centrations of less than 0.10 wt.%. 
Olivine 
Olivines in all nodules are highly forsteritic 
(Table 3). Those in the ultra -depleted chromite 
harzburgite /lherzolite nodules have lower fayalite 
contents (4.9-5.Oí; Fa) than those in the -a net = 
chromite lherzolites (7.0 -9.6% Fa). The fayalite 
contents of olivines in the (garnet) chromite 
lherzolite xenoliths (7.4-8.6% Fa) which' now lack 
garnet (namely PTA 103, 202, 205 and 304) are in 
line with the latter rather than the former. As 
with other aspects of its mineral chemistry, the 
spinal harzburgite P=3 201 is exceptional as it 
contains olivine with 7.0% Fa composition yet 
lacks evidence that it ever contained garnet. 
Orthopyroxene 
Orthopyroxenes in all nodules are enstatites 
(Table 4) although again 100 Fe /(Fe+Mg) values 
vary somewhat between the different nodule types. 
The group of ultradepleted chromite harzburgites/ 
lherzolite (PTH 107, 203, 301, 302 and 303) con- 
tain orthopyroxenes with 4.1 -4.3% Fs in contrast 
with the garnet ± chromite lherzolites in which 
orthopyroxene compositions are 6.3 -7.7% Fs. Ortho- 
pyroxene compositions (6.5 -7.5% Fs) in those chro- 
mite iherzolítes which arguably contained garnet 
originally are in line with the latter rather chan 
the former. All orthopyroxene analyses, except 
PTH 207(S) in Table 4 are of the common large pri- 
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Fig. 1. .role rock composition pl:t cf wt.`: `:g0 
against 100 Cr/(Cr+Al) (in analyses recalculated 
anhydrous to 100% and with total iron as Fe0) for 
Pipe 200 ultramafic nodules. Compositions for 
comparable granular textured garnet lherzolites 
from Thaba ?utsoa, Mothae and Liç,obong (Nixon and 
Boyd, 1973) are also shown. These authors give an 
analysis for primary chromite in nodule 157C but 
do not make it clear whether chromite is absent in 
the other nodules. Boundaries A and C correspond 
to those defining the chromite -only, garnet + 
chromite and garnet -only composition fields for 
peridotite nodules from the Lashaine volcano (Reid 
et al., 1973) whilst B represents the at ?roxiaate . 
position of the chromite + garnet /chromite -only 
boundary for the Pipe 200 nodules. 
mite lherzolites are characterised by low A1203 
(0.70 -1.04 wt.%), moderate Ca0 (0.33 -0.53 wt.%) 
and high Cr203(0.25 -0.50 wt. %) contents. Small 
amounts of discernible secondary orthopyroxene oc- 
cur associated with secondary chrome spiel at the 
outer margins of the kelyphice rims around some 
garnets. Such secondary orthopyroxene, as repre- 
sented by analysis PTH 207(S) is quite distinct it 
TABLE 3. Analyses of Olivines 
Sample PTr. PTH PTH PTH PTH PTH PTH 
Number 102 107 108 201 202 203 205 
Rock Type CL CH (C)CL SH (G)CL CL (G)CL 
SiOz 41.9 41.9 41.1 41.9 41.1 41.8 41.7 
Ti02 0.07 n.d. 0.00 0.00 0.00 0.01 0.08 
A120 , n.d. n.d. 0.03 0.04 n.d. 0.04 n.d. 
Cr2C3 0.07 n.d. 0.01 0.10 0.04 0.05 n.d. 
*Fe0 7.77 4.97 8.26 6.95 7.45 4.78 7.35 
"W 0 0.13 n.d. 0.12 0.01 0.02 0.06 n.d. 
Si0 n.d. 0.29 0.44 0.43 n.d. 0.40 n.d. 
`ig0 48.5 52.9 49.6 51.8 50.5 51.9 50.4 
Ca0 0.05 n.d. 0.01 0.02 n.d. 0.02 0.07 
Total 98.5 100.1 99.6 101.2 99.1 99.0 99.6 
100 Fe/(Fe+Mg) 8.3 5.0 8.5 7.0 7.6 4.9 7.6 
* All Fe taken as Fe0 
n.d. Not determined 
Sample nomenclature as in Table 1 
composition from the primary enstatites with a 
higher 100 Fe /(Fe+Mg) content (11.4% Fs), an ap- 
preciably higher A1203 content (2.81 wt. %) and 
much lower Ca0 (0.16 wt. %) and Cr203 (0.09 wt.%) 
contents. Primary orthopyroxenes in PTH 201 and 
210 are exceptional in their appreciably higher 
A1203 contents, 1.45 and 2.28 wt.% respectively. 
Clir.opyroxene 
Clinopyroxene analyses (Table 5) show variable 
contents of A1203 (1.64 -3.99 wt.%,),Cr203 (1.59- 
4.25 wt.%) and Na20 (0.81 -3.14 wt.%). It is 
clear from Figure 2 that the A1203 contents vary 
sympathetically with Na20 in individual clino- 
pyroxene point analyses, reflecting variable 
jadeite contents. In most lherzolite nodules in- 
dividual analyses both of different grains and 
different points within individual grains show 
little variation and in these cases the single 
clinopyroxene analysis given in Table 5 repre- 
sents the mean value. However, in both PTH 202 
and 204 although grain cores are usually of fair- 
ly uniform composition, striking jadeite deple- 
tion was observed in certain point analyses, 
notably those from grain rims. For both nodules, 
the rim analysis given in Table 5 corresponds to 
the individual point analysis indicating the most 
extreme jadeite depletion noted in clinopyroxene 
grains in that rock. The clinopyroxene grains in 
these nodules have clear cores, but distinctly 
cloudy margins. The marginal clouding often ex- 
tends along curved fractures into or even right 
across individual grains and appears to be due to 
large numbers of small tubular shaped fluid in- 
PTE PTH PTH PTH 
207 301 302 303 
PTH 
304 
GCL CH CH CH (G)CL 
42.1 40.7 41.6 41.5 41.0 
dú 
0.05 n.d. n.d. n.d. n.d. p 
n.d. n.d. n.d. n.d. n.d. p, 
0.11 n.d. n.d. n.d. n.d. 
7.75 4.86 5.02 4.97 7.34 
8, 
0.13 n.d. n.d. r.d. n.d. p, 
n.d. n.d. n.d. n.d. n.d. 0, 
50.1 52.8 53.7 53.5 51.5 
0.05 n.d. n.d. n.d. n.d. Q. 
100.3 98.4 100.3 100.0 99.8 
8.0 4.9 5.0 5.0 7.4 
clusions. Similar petrographic features ands. 
sociated jadeite depletion have previously bee 
observed in garnet lherzolite nodules from the 
Kimberley mines (Carswell, 1975). 
The observed jadeite depletion is nets= 
panied by kosnochlo: (`;aCrSi206) depletion. 
chromite lherzolite PT -14. 203 contains clinopy 
with the highest Cr203 content and this comb 
with highest whole rock Cr /(Cr +Al) and 5a:0/0 
ratios. However, plots of Cr /(Cr +Al) Cpxaga' 
Cr /(Cr +Al) rock and of wt.% A1203 and vt.7,,Cgt 
in clinopyroxene against `ía20 /Ca0 in the roch` 
other nodules do not show consistent correlate 
between rock and clinopyroxene compositions. 
conclude that the overall variation in A1201. 
Cr203 and Na20 contents observed in the clin q 
xenes in these Pipe 200 ultramafic nodulesla 
reflects the effects of secondary alteration 
(notably jadeite loss) superimposed on prima! 
chemical and physical controls. 
There is only limited variation in 100 Call 
Mg) (46.0 -48.4 excluding rim analyses) amont5 
the analysed primary clinopyroxenes inthe1ht 
lite nodules. Rim analyses do not have consia 
tently lower or higher Ca/(Ca+Mg) ratios 
than 
responding cores. This, together with the fu' 
that there is no significant correlation bet' 
Ca /(Ca4`lg) and \a,0 content in the clinopyro 
in the various lherzolite nodules, pointsta 
broadly similar initial equilibration temper' 
for the nodule suite and the noit- equiLibrattm 
the jadeite depleted clinopyroxenes.. 
In the lherzolite nodules much of what 
It 
clinopyroxene is present tends to be closely 
sociated spatially with garnets and its 
ke. 
200 Ultramafic Nodules. 
2TH ?Td ?TH ?TH ?TH PTH ?Td ?T3 
401 403 404 405 436 407 409 410 
CCL CL GL CL CL GL GCL GCL 
41.6 41.6 41.5 41.2 41.5 40.8 41.2 41.2 
0.01 0.04 0.07 0.01 0.03 n.d.. 0.03 0.C3 
0.34 0.03 0.04 0.03 0.03 0.03 0.03 0.03 
n.d. 0.04 0.09 0.04 n.d. n.d. n.d. n.d. 
6.83 7.73 7.36 7.37 7.14 7.44 7.16 7.32 
0.36 n.d. 0.12 3.11 0.08 0.09 0.11 0.38 
...d. n.d. n.d. 3.45 n.d. a.d. ...d. .,.d. 
51.6 49.5 50.2 50.3 50.1 50.9 49.8 51.3 
0.01 0.05 0.05 0.02 0.04 0.04 0.04 0.03 
100.2 99.0 99.4 100.0 98.9 99.2 98.4 99.8 
7.3 8.1 7.6 7.5 7.4 7.6 7.5 7.4 
alteration products or with clusters of 
phlogopite and spiel grains which arguably may 
be secondary after garnet. Such clino ?yro ::ene 
may ectually occur within kelyphite or more 
typically may form a narrow collar around it. 
This suggested that at least some of the clino- 
pyroxene might be secondary and related to gar- 
net breakdown. However, only in the case of 
nodules PTH 207 and 403 were we able to detect 
clinopyroxenes of secondary aluminous types- - 
analyses 207 (S1 and SZ) and 403 (S1 and S2) 
in Table 5. Such clinopyroxenes occur as very 
small grains on the outermost margins of the semi - 
opaque kelyphite alteration zones around garnets 
and have variable compositions reflecting their 
unequilibrated nature. However, most clinopyro- 
xene grains immediately adjacent to kelyphite 
zones and also those in clusters with spinels and 
phlogopites (as in PTH 108) are chrome diopsides 
essentially indistinguishable in composition from 
discrete primary grains. Either such clinopyro- 
xene has re- equilibrated with the lherzolite as- 
semblage following garnet breakdown, or poikilo- 
blastic habit of clinopyroxene towards garnet is a 
feature which pre -dates kelyphite formation in 
many nodules. It is possible that the marginal 
clouding and jadeite depletion of clinopyroxene 
grains as observed in nodules with extensive kely- 
phite development, such as PTH 202 and 204, are 
adjustments in composition of the primary clino- 
pyroxene grains which are related to garnet break- 
down, and that both features are a consequence of 
the combined effects of metasomatism and decom- 
pression resulting from incorporation in kimber- 
lite and subsequent diatreme emplacement. 
The clinopyroxene in the garnet pyroxenite 
nodule ?TH 210 is distinctly different in composi- 
tion from clinopyroxenes in lherzolite nodules. 
It has by A1203, Cr203 and Na20 contents coupled 
with high 100 Car(Ca+`:g) = 50.9. These cc -posi- 
tional dif ferences, as with :hose observed in co- 
existing orthopyroxene and garnet, may simply re- 
flect the different paragenesis and whole rock 
composition, ratites than different equilibration 
conditions. 
Garnet 
Garnet analyses (Table 6) for the lherzolite 
nodules fall within the range of the common chrome 
pyropes (Group 9 - Dawson and Stevens, 1975) found 
elsewhere in garnet lherzolite nodules and as 
common xenocrysts within kimberlites. However, 
with the exception of ?TH 400 they have somewhat 
higher Cr203 and Ca0 contents (see Figure 3) than 
the most -frequent garnets found within the common 
garnet lherzolite nodules in the Kimberley area 
and Matsoku pipes (Carswell and Dawson,1970; Cox 
et al., 1973; Gurney and Switzer, 1973) and in 
Yakutian pipes (Sobolev et al., 1973). On the 
ocher hand the garnets from the granular garnet 
lherzolite nodules of the Thaba Putsoa and Mothae 
pipes (Nixon and Boyd, 1973) have broadly compar- 
able Crz03 and Ca0 contents. 
It is apparent that the more depleted garnet 
lherzolites with hig er Cr /;Cr -AI) and "-'(`+3 -Fe) 
ratios have garnets which also have :. _her 
Cr /(Cr+Al) ratios and in addition show a sym- 
pathetic increase in CaO. This garnet composition 
trend is perhaps also reflected, al though in a 
more extreme fashion, by. the analysed chrome 
p.:rope garnet xenocrysts from the nearby Kao kim- 
berlite (Hornung and Nixon, 1973). We suggest 
that all the Kao garnets plotted on Figure 3 are 
from disaggregated lherzolite nodules, those with 
lowest Cr203 and CaO contents being from nodules 
of comparable composition to the common type in 
the Kimberley and uatsoku pipes, intermediate ones 
from comparatively depleted nodules of the common 
Pipe 200 type, whilst the extreme chrome -rich 
green garnets are likely to be from nodules with 
extremely high Cr /(Cr +Al) ratios. Garnets showing 
a comparable range in chemistry and thought to be 
related to similar lherzolite parageneses have 
been reported as xenocrysts in Yakutian pipes, 
notably Tldachnaya (Sobolev et al., 1973). In ad- 
dition garnets, intermediate in composition be- 
tween those in the Pipe 200 nodules and the 
extreme Kao green garnet types, have been recorded 
by Gurney and Switzer (1973) as xenocrysts in the 
Finsch kimberlite pipe, South Africa. These ob- 
servations indicate chat the garnets of Groups 9 
and 12 (Dawson and Stevens, 1975) should best be 
considered as one group,' related to lherzolite 
parageneses with varying Cr /(Cr +Al) ratios. 
The garnet in the garnet pyroxene nodule PTH 
210 has an appreciably lower Cr203 content as well 
as somewhat higher Fe0 and *ín0 contents. 
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3.968 3.988 3.989 3.996 4.026 3.985 3.986 3.994 3.935 3.999 
* All Fe as FeO 
n.d. Not determined 
Spinel 
Spinel analyses for various nodules are given 
in Table 7, and are plotted in a wt.% Cr2O3 vs. 
wt.% MgO variation diagram (Figure 4). Discrete 
primary spinels are by Al magnesiochromites, i.e. 
64.9 -81.4% M2+ Cr2O4, except in the spinel harz- 
burgite PTH 201 where they are aluminous chrome 
spinels with a much lower 100 Cr /(Cr +Al) ratio. 
The primary chromites in the ultra -depleted harz- 
burgite/iherzolite nodules plot in a slightly dif- 
ferent composition field to those in garnet 
lherzolites (Figure 4) because of their higher ab- 
solute Cr2O3 and MgO contents. However primary 
chromites in Pipe 200 garnet lherzolites are 
similar in composition to those described from 
comparable granular textured garnet lherzolites in 
the nearby Thaba Putsoa and Mothae pipes (Nixon 
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and Boyd, 1973) and to those in garnet and /or 
spinel lherzolite nodules from the Lashaine vol' 
cano in northern Tanzania (Reid et al., 1975) 
Spinels associated with kelyphitic alteration 
zones around garnets show a wide range of comp 
tions. Those from the innermost parts of kely 
phites (PTH 207A, 404, 4O5A, 407 and 410in 
Table 7) are high Al chrome spinels (72.9'701 
M2+ A1204), fairly analogous in composition 
ro e 
primary spinels in the common lherzolite incic 
sions in basalts (Ross et al., 1954). 
Te5er7' 
doubtedly secondary spinels thus appear robe 
related to partial breakdown of the high Pres`''e 
garnet iherzolite assemblage to a lower press. 
spinel iherzolite assemblage. However, spinels 
from the outermost parts of kelyphite zones 
or 
immediately adjacent to them (PTH 2O7B, 4038 " 
4O5B in Table 7) often have intermediate 
100 

























CH C:1 (G)CL GL GCL GL GL :a L CL CL GCL GCL 
58.9 59.3 58.7 57.8 58.1 58.0 58.9 57.8 57.8 57.3 57.7 58.0 
n.d. n.d. n.d. 0.06 0.03 0.06 0.04 0.03 0.03 0.02 3.05 0.04 
0.36 0.41 0.54 0.75 1.04 0.92 0.32 0.33 0.38 0.3' 0.32 0.96 
0.23 0.76 0.18 0.25 0.37 0.56 0.42 3.48 0.43 0.45 0.40 D.50 
2.79 2.92 4.39 5.13 4.23 4.76 4.39 4.46 4.33 4.56 4.57 53 
n.d. n.d. n.d. 0.11 0.11 0.00 0.11 0.39 0.11 0.10 0.12 ,.13 
n.d. n.d. n.d. 0.1.7 n.d. n.d. n.d. 0.11 ...d. n.d. ...á. ..._. 
36.7 36.3 35.7 34,; 35.8 34.6 35.0 35.2 35.0 35.6 34.3 35.' 
0.22 0.18 0.34 0.48 0.33 0.47 0.53 0.44 0.43 0.45 0.42 0.46 
n.d. n.d. n.d. 0.13 0.07 n.d. 0.10 0.16 0.08 0.14 0.15 0.17 
99.2 99.9 99.8 99.5 100.2 99.2 100.3 99.6 99.1 99.5 99.0 100.4 
4.1 4.3 6.5 7.7 6.3 7.2 6.6 6.6 6.6 6.7 6.? 5.6 
0.4 0.4 0.7 1.0 0.7 1.0 1.0 0.9 0.9 0.9 0.9 0.9 
2.008 2.009 2.003 1.991 1.980 1.997 2.004 1.984 1.991 1.973 1.992 1.976 
0.000 0.000 0.000 0.009 0.020 0.003 0.000 0.016 0.009 0.027 0.008 0.324 
0.014 0.016 0.022 0.021 0.022 0.034 0.033 0.020 0.027 0.008 0.025 0.015 
-- -- -- 0.002 0.001 0.002 0.001 0.001 0.301 0.001 0.001 0.001 
0.006 0.007 0.005 0.007 0.010 0.013 0.011 0.013 0.012 0.012 0.011 3.013 
0.080 0.083 0.125 0.148 0.122 0.137 0.125 0.128 0.126 0.131 0.132 0.129 
-- -- -- 0.003 0.033 0.000 0.003 0.003 0.003 0.003 3.024 3..03 
0.003 -- -- -- 0.003 -- -- -- 
1.865 1.858 1.816 1.782 1.321 1.775 1.774 1.802 1.798 1.326 1.791 1.313 
0.008 0.007 0.012 0.018 0.012 0.017 0.019 0.015 0.016 0.017 0.016 0.017 
-- -- 0.009 0.005 -- 0.007 0.011 0.005 0.009 0.317 0.311 
3.981 3.979 3.983 3.993 3.995 3.977 3.977 3.996 3.988 4.007 3.990 4.002 
(Cr +A1) ratios. Furthermore, it was somewhat sur- 
prising to discover that the three petrographical- 
ly distinct types of spinel grains in PTH 204 
(large discrete primary ( ?) grains, small idio- 
blastic grains associated with clusters of clino- 
pyroxene and phlogopite grains, and small grains 
associated with kelyphitic alteration zones around 
garnet) all have similar compositions of the low 
Al magnesiochromite type. Small spinels associ- 
ated with 'pools' of phlogopite and clinopyroxene 
grains in PTH 108 are of similar low Al type. 
Thus, if as seems likely, at least some of these 
spinets (PTH 108, 204, 207B, 403B and 405B) are a 
secondary generation derived from the breakdown of 
primary garnet, then it would appear that they 
have re- equilibrated wich the lherzolite assem- 
blage unlike those in the innermost part of kely- 
phites. 
?hlogopite 
Phlogopites typically form narrow coronas 
around the partly kelyphitised garnets but also, 
as in PTH 108, occur in clusters with spinel and ' 
chrome diopside grains. Their general secondary 
metasomatic character is borne out by partial an - 
alyses (not presented here) which indicate that 
they usually have high, although somewhat variabl, 
TiO2 (0.21 -4.24 wt.%) and Cr203 (0.84 -2.43 wt. %) 
contents together with 100 Fe /(Fe+'fg) ratios of 
5.6 -10.6. 
Discussion 
No garnet- bearing lherzolites with P/T equili- ' 
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Fig. 2. Wt.% A1203 against wt.% Na20 plot for 
analysed clinopyroxenes from Pipe 200 lherzolite 
nodules. 
the top sixty or so kilometres of the mantle have 
been recognised in previous studies of nodule 
suites in Lesotho pipes (Boyd, 1973; Boyd and 
Nixon, 1975; Gurney et al., 1975; Dawson et al., 
1975). This may be due to overestimation of P/T 
values and implied depths of derivation for cer- 
tain garnet lherzolites by the P/T calculation 
procedures adopted by these authors. Alternative- 
ly the uppermost mantle may be of highly depleted 
chemical character, and hence largely comprise 
garnet -free ultramafic rocks, for which it is cur- 
rently not possible to fix P/T values and depths 
of origin. Assuming that both our sampling, and 
that of the kimberlite, were adequate, considera- 
tion of the Pipe 200 ultramafic nodule suite may 
enable us to resolve this problem and provide a 
more satisfactory characterisation of the nature 
of the uppermost mantle beneath northern Lesotho 
at the time of kimberlite emplacement. We intend 
to present a more detailed discussion elsewhere as 
for the present we are obliged to restrict our- 
selves to just a few pertinent remarks on these 
matters. 
We think it reasonable to conclude that the one 
primary aluminous spinel harzburgite nodule (PTH 
201) was derived from shallower mantle depths than 
any of the other analysed Pipe 200 nodules. Such 
primary aluminous spinel nodules are apparently 
136 
TABLE 5: Analyses of Clinopyroxenes 
Sample 
Number 
PTE PTH PTH PTH PTH PM 
102 108 202 202 203 204 
(Cores) (Rim) (Cores 
Rock Type GL (G)CL (G)CL (G)CL CL GCl 
Si02 54.6 54.4 54.4 53.0 54.5 54,1 
TiO2 0.13 0.05 0.06 0.08 0.10 CO 
A1203 1.90 1.64 3.36 1.90 2.64 3,99 
Cr203 2.22 2.74 2.28 2.44 4.25 2,39 
*Fe0 2.22 2.31 2.38 2.36 1.47 2.14 
Mn0 0.04 0.08 0.02 0.02 0.09 CO 
Ni0 n.d. n.d. 0.05 n.d. 0.05 n,d. 
Mg0 15.8 15.6 15.2 18.2 15.0 14.] 
Ca0 20.6 20.3 19.4 20.5 17.0 18.1 
Na20 1.44 1.96 2.47 0.81 2.82 3,03 
Total 99.0 99.1 99.6 99.3 98.8 99,: 















1.993 1.991 1.974 1.935 1.9871,91; 
0.007 0.009 0.026 0.065 0.0130,01: 
0.075 0.062 0.118 0.017 0.1010.1: 
0.004 0.001 0.002 0.002 0.003 0.11 
0.064 0.079 0.065 0.070 0.123 0.09] 
0.068 0.071 0.072 0.072 0.045 0.09 
0.001 0.002 0.001 0.001 0.003 0,11 
-- -- 0.001 -- 0.001 -- 
0.860 0.851 0.821 0.992 0.817 0,1'i 
0.806 0.796 0.753 0.803 0.701 0,11 
0.102 0.139 0.174 0.057 0.199 0.11E 
3.980 4.002 4.007 4.015 3.99241 
6.6 7.9 6.6 6.0 12.4 
4.2 5.6 9.5 0.0 7.8 12,1 
All Fe taken as FeO. Stiochiometrically calcu 
lated Fe3+ values not presented as at these 
verï 
low total iron values slight analytical errors, 
especially in Si02, result in a widely differiri 
Fe3 + /Fe2+ ratio. 
1 
rare amongst the nodule suite from pipes in 
no" 
ern Lesotho, although Boyd and Nixon (1975) de' 
scribed one from Lighobong, and we have obset 
others from Lipelenang and Ngopetseu. This 
ra.' 
is in line with the narrow stability zone (P0 
ably < 20 km) at the top of the mantle predig 
for such assemblages by relevant experimental 
studies (MacGregor, 1970; O'Hara et ál., 
1971) 
The primary spinels in other garnet free 
P'' 
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GCL (G)CL GCL GCL GCL GP (G)CL GL GCL GL GL GL GL GL GL ri.L GCL 
52.9 54.4 54.7 49.1 52.6 54.4 54.4 54.2 54.3 54.2 48.6 51.7 55.0 54.2 53.S 54.1 54.5 
0.10 0.16 0.10 ,.d. 0.17 n.d. n.d. 0.13 0.01 0.18 0.92 0.40 0.10 0.08 0.01 0.11 3.09 
2.52 2.46 2.19 8.12 4.02 1.99 2.95 2.66 2.54 -.34 8.73 4.43 2.34 2.95 2.30 3.26 3.07 
3.01 2.88 2.53 3.26 2.19 0.65 3.64 1.59 2.02 3.12 2.25 1.40 2.64 3.20 2.52 3.41 3.33 
2.11 2.29 2.34 2.93 3.:4 1.59 1.94 2.64 1.79 2.48 4.10 4.45 2.24 _.2. -.17 2.27 ' " 
0.03 n.d. 0.06 n.d. 0.43 ...d. n.d. 0.10 0.07 a.d. ...d. 0.24 0.05 0.10 0.10 0.03 0.07 
n.d. n.d. n.d. r..d. a.d. n.d. n.d. 0.06 n.d. n.d. n.d. n.d. n.d. 0.34 n.d. ...d. ,.d. 
15.6 15.6 16.1 15.9 21.4 16.5 15.2 16.2 16.1 15.3 15.7 18.6 15.9 15.2 16.1 14.5 15.3 
21.1 19.3 19.3 18.3 14.3 23.7 13.2 19.6 20.9 1S.ó 13.3 16.3 20.0 13.1 19.5 13.0 18.1 
1.48 2.01 1.93 0.93 a.d. 0.48 3.14 2.03 1.71 2.49 1.19 1.03 1.88 2.79 2.05 2.94 2.76 
98.9 99.1 99.9 99.0 99.6 99.3 99.5 99.2 99.5 99.2 99.7 99.1 100.2 98.9 98.7 98.7 99.5 
49.3 47.1 46.9 45.9 32.5 50.9 46.3 46.6 48.2 46.6 45.6 39..4 47.5 46.2 46.5 47.1 46.0 
Structural Formulae on the Basis of 6.000 Oxi-gens 
1.946 1.984 1.980 1.802 1.900 1.981 1.976 1.975 1.973 1.975 1.775 1.890 1.935 1.982 1.974 1.981 1.978 
0.054 0.016 0.020 0.198 0.100 0.019 0.024 0.025 0.027 3.025 0.225 0.110 0.015 0.018 0.026 0.019 0.022 
0.055 0.090 0.074 0.153 0.071 0.066 0.102 0.089 0.082 0.097 0.151 0.081 0.084 3.109 0.073 0.122 0.109 
0.003 0.004 0.003 -- 0.005 -- -- 0.004 0.000 0.035 0.025 0.011 0.003 0.302 3.000 0.003 0.002 
0.088 0.033 0.375 0.095 0.063 0.019 0.105 0.046 0.058 0.090 0.065 0.040 0.075 0.092 0.073 0.099 0.096 
0.065 0.070 0.071 0.088 0.119 0.048 0.059 0.080 0.054 0.076 0.125 0.136 0.068 0.068 0.067 0.070 0.067 
0.002 0.002 -- 0.015 -- -- 0.003 0.002 -- -- 0.007 0.002 0.003 0.003 0.302 0.302 
-- -- -- -- 0.002 -- -- 0.301 -- -- -- 
0.855 0.846 0.871 0.863 1.152 0.893 0.323 0.879 0.873 C.533 0.555 1.012 3.J» 0.325 0.353 3.797 0.328 
0.331 0.754 0.759 0.739 0.555 0.925 0.708 0.767 0.814 0.726 0.716 0.658 0.773 0.707 0.767 0.736 0.705 
0.106 0.142 0.136 0.066 -- 0.034 0.221 0.143 0.120 0.176 0.084 0.073 0.131 0.198 0.146 0.209 0.194 
4.006 3.989 4.000 4.008 3.979 3.984 4.019 4.013 4.004 4.002 4.021 4.320 3.990 4.005 4.012 4.n1 4.3C4 
3.8 8.4 7.5 6.3 -- 1.9 10.6 4.6 5.8 9.0 6.6 4.1 7.6 9.3 7.4 9.9 9.6 
0.7 6.1 6.0 0.0 1.6 8.0 7.3 5.5 3.2 0.0 0.0 5.8 9.5 4.9 10.8 9.2 
% Kosmochlor and y Jadeite calculated in that order, after first calculating CaTiÀ1206 and CaAl2Si06 
the assumption that Al = 2.000-Si 
n.d. - not determined 
dotite nodules from Pipe 200 have 100 Cr /(Cr +Al) 
ratios which are as high or even higher (Table 7 
and Figure 4) than those in the associated garnet 
lherzolites. This, together with the earlier 
demonstration of significant differences in whole 
rock chemistry between these nodule types (Table 1 
and Figure 1) negates the necessity to interpret 
these nodules as having equilibrated at signifi- 
cantly different pressures (and depths). The 
on 
stability of garnet relative to spinel in lherzo- 
lite assemblages is strongly dependent on the 100 
Cr /(Cr +Al) ratio in the rock (MacGregor, 1970). 
In the absence of any way in which we can at pres- 
ent estimate P/T equilibration conditions for the 
garnet -free peridotites,it is not possible to 
demonstrate convincingly that they have indeed 
been derived from depths comparable to those de- 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ever, the similarity in clinopvroxene 100 Ca /(Ca+ 
'.g) ratio, and consequently derived temperature 
estimates for the chromite lherzolite ( ?Tv 203), 
to the values obtained for the garnet lherzolites 
suggest that this may well be the case. 
It is clear that the Pipe 200 garnet -bearing 
lherzolite nodules are closely similar in terms of 
their whole rock and mineral chemistries to the 
petrographically similar nodules previously de- 
scribed by Nixon and Boyd (1973) in nearby pipes. 
PIT estimates for all such nodules based on di- 
rect application of experi mental data for the two - 
pyroxene solvus (Davis and 3cyd, 1966) and garnet - 
orthopyroxene equilibria (MacGregor, 1974), lie cn 
the non- inflec =ad part of 2:.roxene' aeotherm 
of Boyd (1973), 3ovd and Nixon (19'5). It is 
widely accepted that there is a large measure of 
uncertainty in the absolute accuracy of such P/T 
values but it has been assumed (3ovd, 1973; Boyd 
and Nixon, 1975) that the relative PIT values ob- 
tained for different garnet lherzolites should be 
significant. However, even this may not be the 
case if there are variations in whole rock chemis- 
try amongst the garnet lherzolite nodules which 
significantly affect the mineral equilibria. 
With this in mind we prefer to use the semi - 
empirical approaches adopted by Food and Banno 
(1973), Wood (1974) and Wells (1977) which attempt 
to take account of the effect of Fe on the two - 
pyroxene solvus, and of the complex chemistries of 
natural garnets and orthopyroxenes. Certainly the 
low A1203 contents of the primary orthopyroxenes 
(0.70 -1.04 wt.`:) and in their hizh 100 Cr /(C_ +Al) 
ratios mean that we cannot f:'lstifiabl': obtain ? 
estimates for the Pipe 200 garnet lherzolites by 
direct application of MacGregor's (1974) data in 
the canner followed by 3ovd (1973). 
The Pipe 230 garnet lherzolites yield T/? esti- 
mates of 1034- 1C71 °C/31.4 -37.7 kb using the com- 
bination of equation (27) of Wood and Banno 
(1973), and equation (12) of Wood (1974), and 906 - 
949 °C/24.5 -30.8 kbs. using equation (5) of Wells 
(1977) and equation (12) o.f Wood (1974). For both 
sets of P estimates Cr contents in garnet and 
orthopyroxene were taken into account in the man-. 
ner proposed by Wood (1974). Garnet -free lherzo- 
lites yield T estimates of 999 -1093 °C (Wood and 
Banzo, 1973) and 873 -962 °C (Wells, 1977), but P 
estimates are unobtainable. These various P/T 
estimates imply derivation of these nodules from a 
surprisingly narrow depth zone in the mantle. 
Whilst it is possible that kimberlite eruptions 
may be habitually selective in their depth samp- 
ling, we consider that the failure of the adopted 
calculation procedures to adequately take account 
of the opposing effects of T and P on the clino- 
pyroxene- orthopyroxene and garnet -orthopyroxene 
equilibria may be responsible for telescoping the 
derived P/T estimates into an artifically narrow 
range. 
In view of the relative insensitivity of the 
two-pyroxene thermometer at temperatures below 
about 1100 °C and doubts over the corrections 
necessary for the effect of P and the presence of 
C' GARNETS i i i 
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Fig. 3. Ca0 against Cr:v: pl.Dt for 
analysed garnets from Pipe 200 lherzolite nodules 
as well as for xenolithic and xenocrystal garnets 
cf likely lherzolite parazenesis from other kim- 
berlites in Lesotho and South Africa. 
Al on the two- pyroxene solvus (Mori and Green, 
1975, 1976; Lindsley and Dixon, 1976; Dixon and 
Presnall, 1977) as well as major uncertainties 
introduced in the extrapolation of experimental 
data on simple systems to the interpretation of , 
mineral equilibria in more chemically complex 
natural minerals, we feel that we cannot unques- 
tionably accept any of the so- derived ?/T esti- 
mates. Derivation of unequivocal P/T values for 
the pipe 200 nodules will probably have to await 
further experimental data on the effect of Cr203 
on the garnet -orthopyroxene equilibria and exper- 
imental calibration of the effects of P and T on ' 
the Fe -Mg or Mn -Mg distribution coefficients in 
these ultramafic assemblages. In the meantime our 
inclination is towards accepting the relatively 
lower P/T estimates provided by the combined use 
of equation (5) of Wells (1977) and equation (12) 
of Wood (1974) as the most realistic. Such values 
as shown in Figure 5, are the most compatible with 
preferred P/T estimates for the lower crustal 
nodules (Griffin et al., 1978) but necessitate 
substantial revision to the palaeogeothem of Boyd 
(1973), Boyd and Nixon (1975) in the region of the. 
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*Fe3+ Calculated by Charge Balance in the Structural Formulae 













In most rocks different spinel grains show little chemical variation and are represented by a 
single mean analysis. However, spinels in PTH 207, 403 and 405 show a range in chemistry as 
represented by the two sets of analyses presented. 207A, 4O3A and 4O5A, represent spinels in 
the innermost parts of kelyphites around garnets, whilst 2O7B, 403B, and 4O5B represent spinels 
The stability of primary spinel relative to 
garnet in all Pipe 200 nodules other than PTH 201 
appears to have been largely controlled by the 
level of depletion of Al2O3, CaO and FeO relative 
to Cr2O3 and MgO in these rocks (Table 1 and 
Figure 1). It is of interest to consider whether 
ultramafic nodules from pipes in other areas have 
similar assemblages at equivalent levels of Cr/ 
(Cr +Al) and Mg /(Mg+Fe) in the rock. Stability of 
garnet in rocks with higher Cr /(Cr +Al) ratios 
would imply higher pressures (MacGregor, 1970) and 
140 
hence deeper levels of origin, thus indicating 
that the mantle in that area was highly deplete: 
to greater depths if the depth range of samplíog 
was comparable. 
For comparison the garnet -only, garnet and 
chromite and chromite -only composition fields 
fined by the ultramafic nodules in the Lashaine 
volcano, Tanzania (Reid et al., 1975) are shorn' 
Figure 1. Unfortunately, the garnet and chroci.' 
chromite -only boundary (A) is not closely defit 




200 Ultrarafic Nodules. 
P::i ?TH PTn 



















CH CH CH (G)CL GCL GL GL GL GL GL GL 
n.d. n.d. n.d. n.d. 0.10 n.d. ...d. 0.12 0.14 0.16 0.19 0.12 0.22 
n.d. n.d. n.d. n.d. 0.11 1.39 2.03 0.83 0.29 1.96 0.07 0.49 0.59 
11.2 8.03 3.20 9.0 i3.3 23.3 15.5 46.3 45.1 33.3 46.7 10.1 48.5 
50.1 62.3 61.7 53.6 55.4 33.4 47.8 13.7 2-.0 31.4 21.9 57.5 15. 
3.55 4.59 4.91 5.87 3.37 4.11 6.14 2.88 3.27 3.36 1..9 3.30 2.33 
9.39 3.79 9.17 13.5 13.5 _2." 15.3 11.0 =..3 __.1 8.64 15.3 :.2- 
n.d. ...-. n.d. n.d. 0.33 0.24 n.d. 0.31 0.27 3.33 0.23 0.35 .0.24 
n.3. n.d. n.c. n.d. n.,.. 0.35 0.25 n.d. 0.07 0.21 ...d. n.d. n.d. 
15.0 .6.J 15.7 13.0 13.4 16.6 13.7 18.7 20.2 17.4 20.0 12.2 20.2 
99.9 99.5 99.2 99.4 99.7 100.5 100.1 98.6 99.0 99.9 99.0 99.2 100.2 
78.3 83.9 83.5 81.4 72.9 46.1 67.4 21.3 24.5 38.7 23.9 79.2 20.5 
0.003 -- -- 0.003 0.004 0.005 0.005 0.004 0.006 
-- 0.003 0.030 0.043 0.017 0.006 0.042 0.001 0.012 0.012 
0.416 0.303 0.311 0.346 0.515 0.977 0.573 1.495 1.444 1.122 1.488 0.389 1.523 
1.499 1.579 1.570 1.510 1.392 0.874 1.186 0.405 0.474 0.712 0.468 1.485 0.394 
0.085 0.118 0.119 0.144 0.081 0.089 0.145 0.059 0.063 0.072 0.030 0.093 0.048 
0.243 0.236 0.247 0.348 0.359 0.306 0.401 0.252 0.135 0.289 0.196 0.410 0.213 
-- 0.010 0.006 -- 0.007 0.006 0.008 0.005 0.010 0.005 
-- -- 0.006 0.007 -- 0.001 0.005 -- 
0.752 0.764 0.753 0.632 0.637 0.712 0.641 0.762 ...31' ..7-5 0.506 0.596 0.799 
75.0 78.9 73.5 75.5 70.0 45.0 52.3 20.7 23.9 37.3 23.5 75.5 33.0 
20.3 15.2 15.6 17.3 25.9 50.4 30.1 76.3 72.9 58.9 74.9 19.3 77.6 
4.2 5.9 5.9 7.2 4.1 4.6 7.6 3.0 3.2 3.5 1.5 4.7 2.4 
typically outside, although stili adjacent to, turbid kelyphite alteration _ones. ?TH 204 contains 
three petrographically distinct types of spinels: (A) large discrete apparently primary grains 
(3) small idioblastic grains associated with clusters of clinopyroxene and phlogopite grains 
(C) small grains associated with kelyphitic breakdown of garnet. 
Mean and standard deviation are presented for each of these types of spinel'grains. In other 
garnet chromite lher:olites, analyses for PTH 401 and 409 represent primary chromates whilst 
that for PTH 410 is for secondary spinels associated with garnet breakdown. 
fields suggests either derivation from a fairly 
restricted depth zone or a systematic decrease in 
the level of depletion with depth. It is apparent 
that in the ultramafic nodules from Pipe 200 and 
certain other pipes in northern Lesotho, garnet is 
stable to significantly higher whole rock Cr /(Cr+ 
Al) values than in the Lashaine nodules (compare 
also Table 2, columns A, 8 and F). It therefore 
seems likely that the mantle is in general more 
highly depleted to greater depths beneath these 
northern Lesotho pipes, although in both areas 
there may well be an overall general decrease in 
the level of depletion in basalt -yielding constit- 
uents with depth. Moreover, as the garnet stable 
in lherzolites with increased Cr /(Cr +Al) values 
itself becomes increasing chromiferous, the pres- 
ence of the exceptionally chrome -rich green garnet 
xenocrysts in the nearby Kao kimberlite ;=figure 3) 
implies that the mantle beneath northern Lesotho 
may in places be exceptionally depleted co consid- 
erable depths with extremely high Cr /(Cr +Al) ratio=_ 
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mates for Pipe 200 garnet lherzolite nodules (dots, see text) and P/T estimates for lower crustal 
granulite /eclogite nodules from Lesotho pipes (stippled field, Griffin et al., 1978). Curve B is 
the 
experimentally determined spinel lherzolite /garnet lherzolite boundary for natural materials froc 
et al. (1971). The diamond /graphite inversion curve is from Bundy et al. (1961) and the wt.% A1203isr 
pleths for orthopyroxene in equilibrium with garnet are from MacGregor (1974). Positions of the C00- 
and Moho discontinuities are based on the seismic data for the Transvaal (Hales and Sacks, 1959) 
142 
ism which preceded kimberlite er placement in this 
area. 
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Mantle derived lherzolite nodules associated with 
kimberlite, carbonatite and basalt magmatism: A review 
D. A. CARSWELL 
LITHOS Carswell, D. A. 1980: Mantle derived Iherzolite nodules associated with kimberlite, carbonatite and basalt magmatism: A review. Lithos 13, 121 -138. Oslo. ISSN 0024 -4937. 
Occurrences, petrography and major element chemistry of Iherzolite nodules are reviewed. Spinel- 
garnet stability relationships in these nodules are discussed and are shown to be controlled by 
chemical as well as physical (P /T) considerations. On the basis of a survey of spine) compositions 
it is proposed that three classes of spine! bearing lherzolite nodules should be recognised: namely 
Al- spinel lherzolites [spine! 100 Cr/(Cr + Al) <25], Cr- spinet Iherzolites [spine) 100 Cr (Cr +Al) 
25 -65] and chromite lherzolites [spinel 100 Cr /(Cr +AI) >65]. 
All Iherzolite nodules yield sub -solidus P/T equilibration estimates and are interpreted as 
fragments of upper mantle wall rocks incorporated during the volatile charged eruptions. Depths 
of derivation increase from <60 kms for most nodules in alkali basaltic magmas to > 150 kms for 
some nodules in kimberlites. The fact that Al- spinel lherzolites are the most common nodule type 
in magmas of the alkali basalt suite whilst garnet lherzolites are dominant in kimberlites is attributed 
to the combined effects of a typically steeper geotherm in the mantle beneath areas of alkali 
basaltic volcanism and a shallower depth of origin for this type of magmatism. Al- spinel lherzolites 
do, however, occur in the kimberlites of the western U.S.A. and south -west Greenland in 
contrast to their apparent absence in the kimberlites of southern Africa and Yakutia. U.S.S.R. 
This suggests that the uppermost mantle beneath these latter regions (as represented by nodules of 
chromite Iherzolites and chromite or Cr- spinel harzburgites) has a more refractory residual type 
composition with a higher Cr /(Cr +AI) ratio -although the evidence indicates an overall decrease 
in the level of depletion in 'basaltic' magma yielding constituents with depth. Lherzolite nodules 
generally have chemical compositions which are depleted in such constituents relative to the 
pyrolite model compositions for primitive or pristine mantle; nevertheless their composition range 
is thought to encompass both highly 'depleted' and essentially 'undepleted' upper mantle compo- 
sitions. 
The fact that consistent temperature estimates can be obtained from the various calibrated 
element exchange reaction geothermometers for some lherzolite nodules but not for others 
(notably those with strikingly porphyroclastic textures) may indicate that some lherzolite nodules 
comprise mantle derived rocks which failed to totally re- equilibrate following the diapiric movements 
which immediately preceded their incorporation and rapid transportation to the surface. 
D. A. Carswell, Department of Geology, University of Sheffield, Sheffield S1 3JD, United Kingdom. 
Occurrence and petrography 
Ultramafic nodules of likely mantle derivation are 
extremely abundant in most kimberlite occurrences 
(Wagner 1914; Williams 1932; Carswell & Dawson 
1970; Nixon & Boyd 1973; Sobolev 1977; etc.). 
They are less common although still of frequent 
occurrence in basaltic rocks- notably, although not 
exclusively, in magmas of the alkali basalt- basanite- 
nephelinite suite (Ross et al. 1954; White 1966; 
Kuno & Aoki 1970; Frey & Green 1974; Varne 
1977; Donaldson 1978; Frey & Prinz 1978; etc.). 
The most common types are essentially 4 -phase 
lherzolites with a mineral assemblage of olivine - 
orthopyroxene- clinopyroxene -garnet or spinel. 
Phlogopite mica and amphibole may be addi- 
tional minor primary phases in some instances 
(Erlank 1973; Varne 1970; Carswell 1975; Dawson 
& Smith 1975a) but are more commonly of se- 
condary replacement origin. The relative unifor- 
mity of the mineralogy and chemistry of these 
Iherzolite nodules (for example in the Fe /Mg 
ratios of constituent minerals) contrasts with the 
more varied mineralogical and chemical make -up 
of a second group of ultramafic nodules observed 
to sometimes occur in both basaltic and kimberlitic 
magmas (White 1966; Cox et al. 1973; Frey & 
Prinz 1978). This latter group of ultramafic nod- 
ules, which contain more Fe and Ti -rich mineral 
assemblages and are typified by more clinopyroxene 
rich types such as websterites and wehrlites, are 
generally interpreted as magmatic cumulates (Ring- 
wood 1975; Gurney et al. 1975; Frey & Prinz 1978), 
sometimes possibly of cognate origin, and will not 
be considered further in this paper. 
As far as the lherzolite nodules are concerned, 
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Fig. /. Plot of 100 Cr /(Cr +Al) ratio in primary spinels against wt. °- A1203 in coexisting orthopyroxenes for garnet free 
(closed circles) and garnet bearing (open squares) Iherzolite nodules. Data from Ross et al. 1954; Kutolin & Frolova 1970: 
Kuno & Aoki 1970; Nixon & Boyd 1973; Frey & Green 1974; Aoki 8i Prinz 1974; Emeleus & Andrews 1975; Suwa et al. 
1975; Reid et al. 1975; Wallace 1975; Smith & Levy 1976; Berger & Brousse 1976; Ferguson et al. 1977; Varne 1977; 
Donaldson 1978; Frey & Prinz 1978; Carswell et al. 1979. 
kimberlites typically contain spinel free garnet 
lherzolites whilst garnet free spinet lherzolites are 
the predominant type in magmas of the alkali basalt 
suite. However, Iherzolite nodules which contain, 
or have been interpreted to have originally con- 
tained, garnet have occasionally been reported 
from alkali basalt suite magmas (Kuno & Aoki 
1970; Berger & Brousse 1976; Berger 1977; Volya- 
nyuk et al. 1976) and garnet free spinet lherzolites 
have also been reported from kimberlites (Smith & 
Dawson 1975; Emelus & Andrews 1975; Smith & 
Levy 1976; Mitchell 1977; Carswell et al. 1979). 
Occurrences of both garnet Iherzolite and spinel 
Iherzolite nodules have also been noted in lam - 
prophyric or ankaramitic rocks associated with 
extrusive and intrusive carbonatite magmatic acti- 
vity (Griffin 1973; Reid et al. 1975; Wallace 1975). 
On the basis of a compilation of 384 whole rock 
analyses, Maalee& Aoki (1977) calculated an aver- 
age mode for spinel Iherzolite nodules of 66.70% 
olivine, 23.74% orthopyroxene, 7.83% clinopyro- 
xene and 1.73% spinel. It would appear that all 
except five of these analyses were of nodules con- 
tained in magmas of the alkali basalt suite and that 
the large majority, but not all, of these nodules 
contained aluminous spinels. Confusion has arisen 
from descriptions of spinel Iherzolite nodules be- 
cause of dual usage of the name spinel. Spinel is 
often used as a general name to describe any mineral 
phase belonging to a chemically complex group, or 
series of oxides, in addition to its more specific 
use to describe a mineral which closely approximates 
in its chemical composition to MgA1204. As 
Iherzolite nodules contain spinels which show signi- 
ficant compositional variation, mostly within the 
quaternary system MgA1204-MgCr204-FeAl2O4- 
FeCr2O4, it is important that descriptions of such 
nodules clearly indicate whether the name spine! 
is being used in a general or specific sense. 
Fig. 1 demonstrates that primary spinel grains in 
Iherzolite nodules cover a considerable composi- 
tion range and that increasing Cr/(Cr + Al) ratio 
in spine! correlates with decreasing wt. % A1203 
content in coexisting orthopyroxene. It is therefore 
clearly unsatisfactory to describe all garnet free 
primary spinet bearing lherzolites simply as spinel 
lherzolites. Instead it is proposed that three classes 
of such nodules should be recognised on the 
basis of spine! compositions, namely: Al- spine! 
lherzolites [spinet 100 Cr/(Cr+ Al) < 25], Cr- spine! 
lherzolites [spinel 100 Cr/(Cr + Al) 25 -65] and 
chromite lherzolites [spinel 100 Cr /(Cr +AI) >65]. 
Petrographic observations (e.g. Carswell et al. 
1979) indicate that whilst many garnet Iherzolite 
nodules contain minor secondary aluminous spinel 
developed as a result of an olivine -garnet break- 
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down reaction (Reid& Dawson 1972) some nodules 
contain coexisting primary spinels and garnets. 
Such spinels are typically low Al magnesio -chro- 
mites with 100 Cr /(Cr +Al) >65 (Reid et al. 1975; 
Nixon & Boyd 1973; Carswell et al. 1979). How- 
ever, primary aluminous spinels with 100 Cr/ 
/(Cr +Al) <25 which coexist with garnets have 
been described in a Iherzolite nodule from a kimber- 
lite diatreme in S. E. Australia -labelled A in Fig. 1- 
(Ferguson et al. 1977) and in a comparable nodule 
from an alkali basalt diatreme in Lozère, France - 
labelled E in Fig. 1- (Berger & Brousse 1976). 
Aoki & Prinz (1974) have also described primary 
aluminous spinels thought to haN e originally coexist- 
ed with garnets in lherzolite nodules in alkali 
basalts at Itinome -gata, N.E. Japan. However, 
they entertain the possibility that the compositions 
of these discrete, petrographically primary, spinels 
may have been somewhat modified during break- 
down of original garnet and higher pressure py- 
roxenes. It is also doubtful whether Cr- spinel garnet 
Iherzolite nodules from the kimberlites at Green 
Knobs, New Mexico, U.S.A. (Smith & Levy 1976) 
and Somerset Island, Canada (Mitchell 1978) 
represent fully equilibrated assemblages as in these 
nodules garnets occur as coronas around the 
Cr- spinels. 
Table 1 summarises the occurrences of the 
various lherzolite nodule types associated with 
kimberlite, alkali basalt and carbonatite magma - 
tism, taking due account of spinel compositions. 
Maalee & Aoki (1977) have given an average 
mode for garnet lherzolite nodules of 62.6% 
olivine, 30% orthopyroxene, 5% garnet, 2% clino- 
pyroxene and 0.4% phlogopite. Using the average 
whole rock composition of some 61 garnet Iherzo- 
lite nodules given in Table 7 col. D, and appropriate 
mineral compositions an average mode of roughly 
62% olivine, 27% orthopyroxene, 6% garnet, 4% 
clinopyroxene and 1% phlogopite can be cal- 
culated. This higher figure for phlogopite includes 
both primary and secondary grains (Carswell 1975) 
as the common contamination of nodules enclosed 
in kimberlites by K20 is not allowed for in the 
calculation of this mode. Comparison of these 
average modes for garnet lherzolites with that 
quoted earlier from Maalee & Aoki (1977) for 
spinel lherzolites, indicates that in the Al- spinel 
lherzolites the lower content of the most aluminous 
phase (spinel instead of garnet) is typically com- 
plemented by an at least doubled clinopyroxene 
content and a somewhat higher olivine /ortho- 
pyroxene ratio. 
Olivire and orthopyroxene compositions in the 
different Iherzolite nodule types have similar 
Fe/(Fe + Mg) ratios -most lying within the ranges 
89 -93 % fayalite and 90-94 % enstatite, respectively. 
Garnets when present are chrome pyropes (Dawson 
& Stevens 1975). Clinopyroxenes in all cases are 
essentially chrome diopside but like coexisting 
orthopyroxenes contain appreciably more Al203 
as the Cr /(Cr +Al) content of any coexisting spinel 
decreases. 
Lherzolite nodules have metamorphic rather than 
igneous textures (Basu 1975; Mercier & Nicolas 
1975; Harte 1977) which reflect varying degrees of 
deformation and recrystallisation. Harte (1977) 
has defined four principal textural types- namely 
coarse, porphyroclastic, mosaic- porphyroclastic and 
granuloblastic. Coarse textured nodules appear to 
be the dominant type in kimberlites but porphyro- 
clastic textured nodules may be in alkali basalts 
(Mercier & Nicholas 1975). However, nodules 
with various deformation fabrics appear to be 
associated with all three types of magmatism under 
consideration (e.g. Nixon & Boyd 1973; Griffin 
1973; Wallace 1975; Basu 1977; Coisy & Nicholas 
1978). 
Some studies have indicated correlations be- 
tween textures and nodule chemistry (Nixon & 
Boyd 1973; Francis 1978) but more commonly 
between textures and equilibration temperatures 
as deduced from mineral compositions (Boyd & 
Nixon 1975; MacGregor 1975; Boyd et al. 1976; 
Danchin & Boyd 1976; Basu 1977). However, 
other studies (Harte et al. 1975; Dawson et al. 1975) 
have demonstrated that such correlations do not 
exist in Iherzolite nodule suites from other locali- 
ties. Thus although Iherzolite nodules in kimber- 
lites with highest apparent equilibration tempera- 
tures and pressures (Boyd 1973; Boyd et al. 1976; 
Danchin & Boyd 1976) have striking porphyro- 
clastic or mosaic -porphyroclastic textures it is 
now clear that increased deformation does not 
always correlate with increased equilibration P/T 
conditions and hence greater implied depths of 
derivation. Indeed some lherzolite nodules show 
significant variations in the level of deformation 
over distances of only centimetres indicating that 
deformation may be very variable and localised in 
extent (Dawson et al. 1975). 
Garnet Iherzolite /spinel Iherzolite 
stability relationships 
Experimental studies (Green & Ringwood 1967; 
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Fig. 2. P/T diagram showing a generalised field (hatched) for the likely equilibration con ditions of Iherzolite nodules in 
magmas of the alkali basalt-basanite-nephelinite suite and calculated equilibration conditio ns for individual garnet Iherzo- 
lite nodules from kimberlite pipes in Lesotho, southern Africa (the diamond bearing garnet: lherzolite nodule described by 
Dawson & Smith I975b being shown by separate triangular ornament). The latter estimates were obtained from the Mori & 
Green (1978) calibration for KDF:'r (with all Fe taken as Fe') and equation (12) of Wood (1974) for garnet- 
orthopyroxene equilibria (without consideration of substitution of Cr for Al in these minera Is). The solid lines defining the 
PIT stability fields for various Iherzolite assemblage types and the solidus curve correspond to those experimentally deter- 
mined by Green & Ringwood (1967) for a pyrolite model composition (in fact that of Ringwood 1966 given in Table 8). 
whilst curve B is the experimentally determined spinel Iherzolite garnet lherzolite reaction boundary for natural materials 
from O'Hara et al (1971). Dotted lines correspond to different positions for the spint:l lherzolite.=garnet Iherzolite 
reaction boundary for various Cr /(Cr +Al) ratios (MacGregor 1970). Approximate values for .100 Cr (Cr +Al) are indicated 
by the numbers alongside these and the other spine) Iherzolite garnet Iherzolite react:ion boundaries. Dashed lines 
represent experimentally determined isopleths for wt.% A1203 in orthopyroxenes those in t:be garnet Iherzolite field after 
MacGregor (1974), those in the spinet Iherzolite field after Dixon & Presnall (1977). The P recambrian shield geotherm is 
from Clark & Ringwood (1964) and the graphite -diamond inversion curve from Bundy e t al. (1961). 
zolites are stable at lower pressures than garnet 
Iherzolites. However, it is also clear that the tran- 
sition pressure will increase for rock compositions 
with higher Cr /(Cr+ Al) ratios (MacGregor 1970). 
Fig. 2 illustrates how the spine) Iherzolite garnet 
Iherzolite reaction curves determined by Green & 
Ringwood (1967) and O'Hara et al. (1971) for 
whole rock compositions with 100 Cr/(Cr + Al) 
values of 7 -10 may be expected to shift to progres- 
sively higher pressures for rocks with higher 
100 Cr /(Cr +Al) values. At the same time the com- 
position of the spine) phase stable to such increased 
pressures must itself become more chromiferous. 
It follows from this that certain Cr-spinel Iherzo- 
lites and chromite Iherzolites may be stable under 
the same pressure conditions as some garnet !her- 
zolites. 
As many Iherzolite nodules have 100 Cr/(Cr + Al) 
values in the range 7 -14 (see Tables 5 and 6) the 
9 - Lithos 2/80 
P/T boundary between the Al- spinel Iherzolite 
and garnet Iherzolite s [ability fields for such 
nodule compositions is pr obably fairly close to the 
experimentally determines i reaction curves. How- 
ever, it should be noted tha t the pronounced curva- 
ture of the reaction curve indicated by O'Hara et 
al. (1971) necessitates m uch higher minimum 
pressures for garnet Ihen colite stability at low 
temperatures than indicates l by a linear extrapola- 
tion of the reaction bound; try given by Gireen & 
Ringwood (1967). 
Petrographic observation: ; of rare instances of 
Iherzolite nodules with co existing primary Al- 
spinels and garnets (Aoki & Prinz 1974; Bergt°r & 
Brousse 1976; Ferguson et a 1. 1977) and of more 
common occurrences of the :rzolite nodules with 
coexisting primary chromites . and garnets (Nixon & 
Boyd 1973; Reid et al. 1975; Carswell et al. 197 9) 
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bility relationships are further complicated by the 
existence of a narrow transitional 5 -phase garnet - 
spinel Iherzolite stability field, the width of which 
probably increases for rock compositions with 
increased 100 Cr /(Cr +Al) values. Such an inter- 
pretation is supported by the preliminary experi- 
mental studies of MacGregor (1970) on the effect 
of Cr203 on the stability of spinel lherzolites rela- 
tive to garnet lherzolites. 
P/T equilibration conditions and 
petrogenetic implications 
In recent years element partition relationships 
' between the mineral phases in Iherzolite nodules 
have been extensively employed to obtain estimates 
of their P/T conditions of equilibration (e.g. 
O'Hara 1967a; Boyd 1973). Most early estimates 
were obtained by some variant of the two pyroxene 
solvus geothermometer (usually heavily dependent 
on the Davis & Boyd (1966) experimental data for 
the Mg2Si2O6- CaMgSi206 join at 30 Kbars) used in 
conjunction with consideration of the A1203 con- 
tents of the pyroxenes shown to be markedly P/T 
dependent (MacGregor & Ringwood 1964; O'Hara 
1967b; Boyd 1970; MacGregor 1974; Akella 1976). 
More recently refinements have been made to the 
experimental calibration of the two pyroxene solvus 
(Nehru & Wyllie 1974; Mori & Green 1975; Linds- 
ley & Dixon 1976) and semi -empirical extrapola- 
tions of the experimental data on simple chemical 
systems have been developed (Wood & Banno 
1973; Wells 1977) in order at least partly to take 
account of the more complex chemistry of natural 
pyroxene pairs. In addition Mori & Green (1978) 
have in fact experimentally calibrated the miscibi- 
lity gap for coexisting pyroxenes in natural garnet 
Iherzolite assemblages over the range 950 -1500 °C 
and 30-40 Kbars. Further experimentally calibrated 
geothermometers which can be applied to Iherzolite 
nodule assemblages are provided by consideration 
of Alv1 -Cr partitioning between coexisting pyroxe- 
nes (Mysen 1976) and Fee + -Mg2+ partitioning 
between various mineral pairs (Mori & Green 
1978). 
Garnet Iherzolite nodules in kimberlites 
Despite the variety of calibrated geothermometers 
which can now be applied to garnet Iherzolite 
assemblages there are a number of problems and 
uncertainties attached to the derived temperature 
estimates, especially for the nodules which appear 
to have equilibrated at the highest temperatures. 
Several of these problems are illustrated by the 
various temperature estimates listed in Table 2 
for the two contrasting textural types of garnet 
lherzolite nodules described by Nixon & Boyd 
(1973) from certain kimberlite pipes in northern 
Lesotho. Firstly, it may be seen that the various 
geothermometers yield encouragingly similar tern- 
perature estimates for most of the coarse (granular) 
textured nodules. From this it seems reasonable to 
conclude that the mineral assemblages of these 
particular nodules were fully equilibrated before 
they were incorporated and rapidly transported 
to the surface and also that these estimates are 
fairly accurate. However, there is considerable 
variation between the different temperature esti- 
mates obtained for the porphyroclastic (sheared) 
textured nodules. 
The disparity between the Wells (1977) and Mori 
& Green (1978) two -pyroxene solvus temperatures 
for these latter nodules may be readily explained 
by the fact that the Iherzolite compositions cali- 
brated by Mori & Green (1978) were somewhat 
less ferriferous than these particular nodules and 
hence that the effect of Fe in shrinking the two 
pyroxene solvus (Lindsley & Munoz 1969) has not 
been adequately taken into account in deriving 
temperatures from the Mori & Green (1978) 
calibration. However, the consistently very much 
lower temperatures obtained from the Mysen (1976) 
calibration for Alv' -Cr partitioning between the 
pyroxenes are clearly much more disturbing. Per- 
haps the fact that this method appears to give 
results which are broadly consistent with those 
obtained from other methods for nodules which 
appear to have equilibrated at relatively low tem- 
peratures but not for the higher temperature no- 
dules indicates that the assumption made in cal- 
culating KÁ °v1 values that Alv' =EA1 /2 (Mysen 
& Boettcher 1975) only holds for the lower tempera- 
ture nodules. 
If, as has been previously indicated (e.g. Boyd 
1973), the higher temperature nodules have also 
equilibrated under higher pressures, then it is also 
important to explore the possibility that at least 
part of the disparity between the various tempera- 
ture estimates may be due to failure of some of 
the geothermometers employed to take account of 
significant pressure effects on the element partition 
coefficients concerned. Certainly it is likely that 
both pyroxene miscibility relationships (Mori & 
Green 1975; Lindsley & Dixon 1976; Howells & 
O'Hara 1978) and Fee + -Mg2+ partitioning be- 
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tween mineral pairs (cf. RAheim & Green 1974; 
Wood 1976) are pressure as well as temperature 
dependent and that, at least as far as the pyroxene 
solvus is concerned, the pressure effect becomes 
more important at higher temperatures. Expecta- 
tions are that increased pressure will if anything 
raise the Ko Fn' 8°x values and widen the two pyro- 
xene solvus. Thus application of a pressure correc- 
tion factor would in fact raise the temperature 
estimates obtained from the two pyroxene solvus 
and from KD'' and hence. enlarge the discre- 
pancies from the Mysen (1976) values. 
The KD values used to calculate the temperatures 
listed in Table 2 assume, in the absence of analyti- 
cally determined Fee + /Fe'+ values, that all Fe is 
divalent in these minerals. The fact that this assump- 
tion leads to temperature estimates based on Kr) 
values which for most nodules are closely similar to 
values obtained from the two pyroxene solvus 
geothermometer (Tables 2-4) probably indicates 
that the Fe' contents of the silicate minerals in 
lherzolite nodules are usually very low. However, 
as analytically determined Fe' /Fe'+ ratios in 
clinopyroxenes are typically lower than in coexisting 
ferromagnesian silicates, these KD values should 
strictly be viewed as minimum values and the 
corresponding temperatures as maximum values 
for these methods. Unfortunately calculation of 
Fe' /Fe'+ ratios for clinopyroxenes in lherzolite 
nodules on a charge balance basis (see for example 
Carswell & Griffin 1980) usually yields unrealisti- 
cally low Fee + /Fe'+ values. 
As none of the above considerations appears to 
provide a really convincing explanation, perhaps 
the variable temperature estimates for the porphy- 
roclastic textured nodules reflect internal chemical 
disequilibrium within these particular nodules due 
to their failure to fully recrystallise and equilibrate 
under a particular set of P/T conditions. Compari- 
son of the different textural types of garnet lher- 
zolite nodules in the Matsoku pipe, northern 
Lesotho (Carswell & Dawson 1970; Cox et al. 
1973), the Premier pipe, South Africa (Danchin & 
Boyd 1976) and the Udachnaya pipe, U.S.S.R. 
(Boyd et al. 1976; Sobolev 1977) also indicates 
that the highly deformed nodules typically yield 
more variable temperature estimates by the various 
methods. Since kinetic considerations (cf. Fraser & 
Lawless 1978; Carswell 1978) render it unlikely 
that Al'-Cr partitioning between pyroxenes would 
be adjusted more rapidly than Fe' -Mge+ parti- 
tioning between the mineral phases, such an 
explanation might be construed to indicate that 
deformation and recrystallisation of these parti- 
cular nodules took place in a rising rather than 
falling temperature environment. Such an inter- 
pretation could be compatible with the stress heating 
theory propounded by Boyd (1973) although 
recently it has been more in vogue to interpret 
the deformation and thermal state of these nodules 
as due to mantle diapirism (Green & Gueguen 
1974; Dawson et al. 1975; Harte 1978). 
Some petrographic observations (Kuno & Aoki 
1970; Suwa et al. 1975: Carswell et al. 1979) have 
indicated that certain mantle derived lherzolite 
nodules appear to have moved out of the garnet 
lherzolite stability field prior to their incorporation 
and rapid upwards transport in magmatic rocks. 
Evidence for this comes from the fact that in some 
lherzolite nodules, pyroxenes and spinels occurring 
as coarse symplektite intergrowths (considered to 
have resulted from breakdown of original garnet) 
have similar compositions to, and thus appear to 
have equilibrated with, the discrete primary pyro- 
xenes and spinels in the same nodules. Further- 
more, although the fine grained intergrowths of 
secondary aluminous pyroxenes and spinels forming 
distinct kelyphite rims around garnets in many 
garnet lherzolite nodules have variable composi- 
tions and have clearly not re- equilibrated, observa- 
tions that the secondary phases of symplektites 
formed from garnet breakdown are sometimes 
deformed (Lock & Dawson, personal communica- 
tion) again points to garnet breakdown having 
occurred before rather than during incorporation 
and transport within the magmatic rocks. Whilst 
mantle Iherzolites could move from the garnet 
lherzolite into the spinel lherzolite stability field 
simply as a result of a rise in the ambient tempera- 
ture, the chemistries of the secondary phases result- 
ing from garnet breakdown give no clear indication 
of increased temperatures (Carswell et al. 1979) 
and hence it seems most satisfactory to relate 
garnet breakdown to decompression under essen- 
tially isothermal conditions resulting from mantle 
convection or diapiric movements which preceded 
the magmatic event. 
From the foregoing discussions it is clear that for 
many of the highly deformed garnet lherzolite 
nodules there remains considerable uncertainty 
attached to petrogenetic interpretations dependent 
on estimates of their equilibration temperatures. 
Placing particular emphasis on the temperature 
estimates from the Wells (1977) `best fit' calibration 
of the two pyroxene solvus geothermometer and the 
Mori & Green (1978) calibration of KDF: ̀i g°x 
as the most likely to be reliable for the majority 
of these nodules but taking mean estimates when 
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the variation between the various estimates for a 
particular nodule is small, it is tentatively concluded 
that garnet lherzolite nodules from the kimberlites 
of southern Africa, for which most data are current- 
ly available, have probably equilibrated over the 
approximate temperature range 850 - 1400 "C. On 
the basis of such temperature estimates equilibra- 
tion pressures in the range 25 -54 Kbars can be 
calculated using equation (12) of Wood (1974) for 
garnet -orthopyroxene equilibria. Taking only the 
temperature estimates from KDF: ̀MP' (Mori & 
Green 1978) a slightly wider P/T range of 800 -1460 
'C and 22.5 -57.5 Kbars is indicated as illustrated 
on Fig. 2 for garnet lherzolite nodules in kimberlit° 
pipes in northern Lesotho. 
Unfortunately, pressure estimates for garnet 
lherzolites are, if anything, subject to even more 
uncertainty than the temperature estimates. In the 
first place any errors in the latter may well be 
compounded in the pressure estimates. In addition 
XÁ¡ contents of orthopyroxenes coexisting with 
garnets have to date been experimentally calibrated 
only for Cr free systems yet orthopyroxenes in 
lherzolite nodules have significant Cr contents and 
it is clear, as previously discussed, that whole rock 
Cr/(Cr+ Al) ratios profoundly affect orthopyro- 
xene-garnet-spinel equilibria. Taking into account 
substitution of Cr for Al in garnets and ortho- 
pyroxenes in the manner proposed by Wood (1974) 
lowers the P estimates quoted above for garnet 
lherzolite nodules in kimberlites by on average 4 
Kbars, but the validity of such a correction may be 
questioned. Whilst it is encouraging to note that 
the P/T estimates contained in Fig. 2 extend into 
the diamond stability field, the only fully document- 
ed diamond bearing garnet lherzolite nodule (Daw- 
son & Smith 1975b) in fact plots some 5 Kbars 
outside the diamond stability field on this calcula- 
tion basis. Application of the Cr correction proce- 
dure of Wood (1974) takes this particular nodule a 
further 3.4 Kbars away from the diamond /graphite 
inversion curve of Bundy et al. (1961) and hence 
only enhances the problem. 
There is no a priori reason to consider that the 
P/T estimates shown in Fig. 2 for the garnet lher- 
zolite nodules in the kimberlites of northern Lesotho 
define an inflected palaeogeotherm. The inflected 
or kinked palaeogeotherms indicated by Boyd 
(1973), Boyd & Nixon (1975) and MacGregor 
(1975) may well just be artefacts resulting from 
somewhat subjective interpretation of even less 
accurate P/T estimates obtained by other methods 
(cf. Harte 1978; Howells & O'Hara 1978). The P/T 
equilibration conditions indicated for the garnet 
lherzolite nodules in the kimberlites of southern 
Africa are in temperature terms all somewhat 
elevated above the conditions predicted at upper 
mantle depths by the Precambrian shield geotherm 
of Clark & Ringwood (1964) but the nodules 
derived from the deepest levels appear to be 
particularly so. With this in mind it is of interest to 
consider the inferences which may be drawn from 
the equivalent P/T estimates from garnet lherzolite 
nodule suites from the kimberlites in other con- 
tinents. These in fact indicate broadly similar 
upper mantle geotherms at the time of kimberlite 
emplacement beneath Yakutia, U.S.S.R. (Boyd et 
al. 1976; Sobolev 1977) and the Colorado -Wvo- 
ming state line region of the U.S.A. (McCallum 
et al. 1975), a slightly higher geotherm beneath the 
Arctic Canada (Mitchell 1978) and S. W. Greenland 
(Emeleus & Andrews 1975) regions, and a substan- 
tially higher geotherm beneath New South Wales, 
Australia (Ferguson et al. 1977). As greater depths 
are required for diamond stability with higher 
geotherms (Fig. 2) such variations will certainly 
have an important influence on the likely economic 
potential of the kimberlites in these different 
regions. 
Lherzolite nodules in basaltic magmas 
Estimates of equilibration temperatures for a suite 
of Al- spinel lherzolite nodules from Tasmanian 
basalts (Varne 1977) are given in Table 3. It is clear 
that the higher A1203 contents of the pyroxenes in 
these nodules, as in other lherzolite nodules of this 
type, restrict the extent of solid solution between 
the coexisting pyroxenes (Mori 1977; Herzberg 
1978): Hence the Wells (1977) and Mori & Green 
(1978) calibrations of the two pyroxene solvus 
yield underestimated temperatures for these no- 
dules. The values obtained from the Mori (1977) 
calibration (equation 16) for the CaO-MgO- A1203- 
Si02 system are clearly to be preferred, especially 
as they are closely in line with the temperature 
estimates based on Alv' -Cr partitioning between 
the pyroxenes (Mysen 1976) and Kr) values (Mori 
& Green 1978). 
Equivalent equilibration temperature estimates 
for other suites of Al- spinel lherzolite nodules in 
basaltic magmas (Ross et al. 1954; Kuno & Aoki 
1970; Kutolin & Frolova 1970; Frey & Green 1974, 
etc.) as well as those for Cr- spinel lherzolite no- 
dules occasionally observed in such magmas (Ross 
et al. 1954; Frey & Green 1974; Aoki & Prinz 1974; 
Donaldson 1978; Frey & Prinz 1978) mostly lie 
within the 900 -1150 °C range. As in Table 3 most 
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other Iherzolite nodules in basaltic magmas yield 
similar temperature estimates from the various 
element partition coefficients but a few yield highly 
variable estimates suggesting that, like certain gar- 
net Iherzolites in kimberlites. they may consist of 
mineral assemblages which have not fully equi- 
librated. 
Uncertainities over the slope of the AI,O, 
isopleths for othopyroxenes stable in the Al- spine) 
Iherzolite stability field (cf. MacGregor 1974; 
Herzberg & Chapman 1976; Obata 1976; Presnall 
1976: Dixon & Presnall 1977) prevent calculation 
of unequivocal pressure values for Al- spinet Iher- 
zolite nodules. The P/T field for equilibration of 
Iherzolite nodules associated with basaltic magmas 
is therefore only indicated in a generalised fashion 
in Fig. 2. The implied upper mantle geotherm 
beneath regions affected by magmatism of the 
alkali basalt suite type suggests (with .reference to 
the Al- spinet Iherzolite' garnet Iherzolite reaction 
curves of Green & Ringwood 1967 and O'Hara 
et al. 1971) that the rare garnet bearing Iherzolite 
nodules found in such magmas (Berger & Brousse 
1976; Volyanyuk et al. 1976; Berger 1977) have 
come from depths of roughly 60 -75 kilometres - 
in line with PT estimates for such nodules of 
around 12001 and 20 Kbars. However, judging 
from the Iherzolite nodules found in most magmas 
of the alkali basalt suite, eruptions of such magmas 
seem likely to have in general originated from depths 
less than about 60 kilometres. 
The equilibration temperature estimates indi- 
cated for Iherzolite nodules in such magmas clearly 
reflect sub- solidus recrystallisation and along with 
textural evidence and various geochemical con- 
siderations (e.g. Leggo & Hutchison 1968; Ring- 
wood 1975) indicate that these Iherzolite nodules, 
like those enclosed in kimberlites, represent mantle 
derived wall rock fragments incorporated during the 
volatile charged eruptions. They do not represent 
cognate cumulates derived directly from the host 
magmas as has sometimes been suggested (O'Hara 
& Mercy 1963; O'Hara 1967a). 
Lherzolite nodules associated with 
carbonatite magmas 
Al- spinel Iherzolite nodules in damkjernite of the 
Fen carbonatite complex, south Norway (Griffin 
1973) are similar in their mineralogy and chemistry 
to the common Iherzolite nodules found in alkali 
basalt suite magmas. Calculated equilibration tem- 
perature estimates (Table 4) are therefore not sur- 
prisingly also similar and indicate that the upper 
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mantle geotherm beneath that region at the time 
of carbonatite emplacement was closely compar- 
able to that normally encountered beneath regions 
affected by alkali basalt magmatism. On the other 
hand, the Lashaine carbonatite; ankaramite volcano 
in Tanzania (Dawson et al. 1970; Reid et al. 1975) 
contains chromite lherzolite and garnet lherzolite 
nodules with calculated mean equilibration tem- 
peratures of 920 °C and 1015 "C, respectively. These 
values combined with a calculated mean pressure 
estimate of 34 kbars. for the garnet lherzolites, 
point to a present day upper mantle geotherm 
beneath the Lashaine volcano closely similar to 
that beneath southern Africa at the time of kimber- 
lite emplacement some 90 m.y. ago. 
Lamprophyric rocks associated with carbona- 
tite at South Westland, New Zealand were described 
by Wallace (1975) as containing chromite lherzolite 
nodules. However, the data are ambiguous as two 
nodules with low A1203 orthopyroxenes yield a 
mean equilibration temperature estimate of 960 °C 
by the preferred methods, whilst two nodules with 
very much more aluminous orthopyroxenes give a 
mean temperature estimate of 1235 °C. It would be 
surprising if the latter two nodules did not in fact 
contain Al- spinels rather than the chromites in- 
ferred by Wallace (1975). 
Garnet free spine! bearing lherzolites 
in kimberlites 
Many kimberlites contain garnet free primary 
spinel bearing lherzolite nodules in addition to the 
more common garnet lherzolite nodules. The kim- 
berlites of southern Africa have to date only been 
noted to contain chromite lherzolite types (Smith 
& Dawson 1975; Carswell et al. 1979) but Cr- 
spinel Iherzolites have been noted in the kimber- 
lites of Somerset Island, Canada (Mitchell 1977) 
and the Colorado -Wyoming state line district, 
U.S.A. (McCallum et al. 1975) and Al- spinel lher- 
zolites in kimberlites of both the latter region and 
S.W. Greenland (Emeleus& Andrews 1975). Equi- 
libration temperature estimates for these various 
spinel Iherzolite nodule types are on average some 
100 °C lower than those for the coarse textured 
garnet Iherzolites in the same kimberlite pipes and 
hence indicate that they have usually been derived 
from somewhat shallower mantle depths than the 
associated garnet Iherzolite nodules. This is in 
line with the previously noted similar relationship 
between associated chromite lherzolites and garnet 
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Table 5. Average compositions of garnet Iherzolite nodules (individual analyses recalculated to 100" on a H2O and CO2 
free basis with all Fe expressed as Fe0). 
A R C D E F G H 
SiO2 46.56 45.29 46.39 43.89 47.44 44.61 4177 44.83 
TO, ti_OS ...o, I 0 07 0.16 0.(17 (1.08 0.17 0 18 
AI:Ov 1.90 1.24 0.8' 1.85 1.62 1.85 1.74 3.09 
Cr203 0.31 0.36 0.28 0.22 0.41 0.44 0.43 0.37 
Fe0 6.60 7.98 6.44 8.58 6.48 6.95 7.98 8.66 
Mn0 O.II 0.11 O.II (1.12 0.11 0.12 0.11 0.14 
Ni0 0.29 0.35 0.29 0.23 0.33 0.37 nd. nd. 
MgO 42.67 43.54 44.53 42.94 42.39 44.2(1 44.39 39.40 
Ca0 1.14 0.82 0.86 1.86 1.12 1.22 1.33 3.06 
Na_O 0.18 0.16 0.10 0.21 0.14 0.17 0.24 0.23 
K,O 0.14 0.12 0.14 0.03 0.11 0.08 0.15 0.03 
PZO< 0 (14 nd. 0.06 ((.00 0.03 0.08 nd. <0.01 
100MgrMg+Fe 92.0 90.7 92.5 89.9 92.1 92.0 90.8 89.0 
100Cr?Cr+Al 10.1 16.3 18.6 7.9 14.8 14.2 14.2 7.4 
A. 23 nodules in kimberlites of Kimberley area, South Africa (Holmes 1936; Ito & Kennedy 1967; Whitfield 1971; Berg & 
O'Hara 1973; Carswell & Dawson 1970; Carswell - unpublished data). B. 41 nodules in kimberlites at Bultfontein. 
Wesselton and Jagersfontein, South Africa (Chen 1971). C. 16 coarse (granular) nodules in kimberlites of pipe 200. 
Mothae, Thaba Putsoa. Lighobong and Ngopetsoeu. Lesotho (Nixon & Boyd 1973; Carswell et al. 1979; and unpublished 
data). D. 6 porphyroclastic (sheared) nodules in kimberlites of Mothae and Thaba Putsoa, Lesotho (Nixon & Boyd 1973). 
E. 5 unbanded nodules (common peridotites) from Matsoku kimberlite, Lesotho (Cox et al. 1973; Carswell & Dawson 1970). 
F. 5 nodules in ankaramite!carbonatite at Lashaine Volcano. Tanzania (Rhodes & Dawson 1975; Ridley & Dawson 1975). 
G. 6 nodules in kimberlite of Udachnaya Pipe, Yakutia, U.S.S.R. (Sobolev 19771. H. 8 nodules in alkali basalt at 
Itinome -Gata, Japan. Garnets invariably replaced in these nodules (Kuno& Aoki 1970; Aoki & Shiba 1973). 
Major element chemistry of 
Iherzolite nodules and nature 
of the uppermost mantle 
Implicit in the recognition of lherzolites as an 
abundant and distinctive group of nodules in 
various types of magmatic rocks is their relative 
mineralogical and chemical uniformity. This has 
often been stressed to substantiate the now widely 
accepted view (Harris et al. 1967, 1972; Carswell & 
Dawson 1970; Ringwood 1975, etc.) that such 
nodules have been derived directly from the upper 
mantle and hence are representative of the pre- 
dominant rocks in that part of the earth. However, 
on the basis of the vastly increased number of 
whole rock analyses of Iherzolite nodules which 
have become available in recent years it is now 
clear that such nodules show significant variations 
in their contents of the more fusible chemical com- 
ponents and hence have variable magma yielding 
potentials (Harris et al. 1972; Nixon & Boyd 1973; 
Hutchison et al. 1975; Shimizu & Allègre 1978; 
Carswell et al. 1979). In terms of major element 
chemistry increasing degrees of depletion in the 
more fusible (i.e. 'basaltic' magma yielding) consti- 
tuents are reflected in decreased Al, Ca, Ti, Na 
and K contents and increased Mg/(Mg+ Fe) and 
Cr /(Cr +AI) ratios. 
An extensive study of the whole rock chemical 
variation 
from each of five widely spaced localities in the 
Massif Central, France and of forty such nodules 
from Dreiser Weiher, Eifel, West Germany. has 
been reported by Hutchison et al. (1970, 1975) 
and Harris et al. (1972). They demonstrated signi- 
ficant differences in the compositions of the Iher- 
zolite nodule suites from these different localities 
as well as considerable variation in the level of 
depletion amongst nodules from individual loca- 
lities. In their compilation of 384 spinel Iherzolite 
nodule analyses (most but not all being of Al- 
spinel Iherzolite type and from alkali basalt suite 
magmas) Maaloe & Aoki (1977) pointed to simi- 
larities in the mean compositions for such nodules 
from both continental and oceanic environments 
but likewise recognised an overall chemical varia- 
tion thought to encompass both undepleted and 
depleted upper mantle compositions. 
Hutchinson et al. (1975) reported that garnet 
Iherzolite nodules from the Bultfontein kimberlite 
in South Africa are no less depleted than spinel 
Iherzolite nodules in several alkali basalt localities 
in the Massif Central. On the other hand, compari- 
son by Maaloe & Aoki (1977) of 202 garnet Iherzo- 
lite nodule analyses (mostly from the kimberlites of 
southern Africa) with the 384 spinet Iherzolite 
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analyses indicated significant overall differences in 
chemical composition, although there is undoubt- 
edly some overlap in the composition ranges of 
the two groups of Iherzolite nodules. They did not 
consider these differences as evidence of a syste- 
matic variation in the chemical composition of the 
mantle with depth but rather as a reflection of an 
anomalous upper mantle composition beneath 
Africa. 
The fact is, however, that even in southern 
Africa there are significant differences in the chemi= 
cal composition of Iherzolite nodules brought up 
at different localities. The composition data for 
garnet Iherzolite nodules in Table 5 shows, for 
example, how on average such nodules in the 
Kimberley area kimberlites have significantly less 
depleted chemical compositions than the coarse 
equigranular textured nodules in many of the 
kimberlites of northern Lesotho (col. C). Moreover 
even in northern Lesotho, garnet Iherzolite nodules 
in the Matsoku kimberlite pipe appear to be less 
depleted than say those in Pipe 200 (Carswell et al. 
1979) only some 25 kilometres away. Such observa- 
tions suggest significant lateral variations in the 
chemical composition of the upper mantle over 
quite small distances. 
In addition it should be noted that the average 
compositions for Iherzolite nodules given in Tables 
5 and 6 themselves conceal a fair amount of varia- 
tion in the level of depletion amongst nodules from 
individual localities, which can only reflect variable 
levels of depletion at different depths in the mantle. 
Nixon & Boyd (1973) have observed that porphy- 
roclastic (sheared) textured garnet Iherzolite nod- 
ules in two of the kimberlite pipes in northern 
Lesotho have notably less depleted chemical com- 
positions than the coarse (granular) textured garnet 
Iherzolites in the same pipes (compare cols. C and D 
in Table 5). As P/T estimates (see Table 2 and 
related discussion) point to a deeper level origin in 
the mantle for the former group of nodules, indica- 
tions are that, at least beneath these particular 
pipes, the mantle becomes less depleted with depth. 
On the other hand, Smith & Levy (1976) have 
deduced that the upper mantle beneath the Green 
Knobs diatreme on the Colorado Plateau, U.S.A. 
becomes more depleted with depth -a zone of Al- 
spine! Iherzolite overlying more depleted garnet 
lherzolite. However, this deduction was based on 
comparison of the mineral chemistry of xenocrysts 
(thought to represent disaggregated garnet Iherzo- 
lites) with that of the Al- spinet Iherzolite nodules, 
not on direct comparison of whole rock nodule 
compositions. 
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Further evidence that, at least beneath southern 
Africa, the upper mantle becomes less depleted 
with depth is provided by consideration of the 
relationships between garnet lherzolite and spine) 
Iherzolite nodules. Fig. 2 illustrates that Al- spinel 
Iherzolites can be expected to be stable to higher 
pressures at increased temperatures and hence 
that the depth in the mantle at which garnet Iher- 
zolites are likely to be encountered will increase for 
regions with higher upper mantle geotherms. The 
fact that Al- spinet Iherzolites are the common no- 
dule type in magmas of the alkali basalt suite 
whilst garnet Iherzolites are dominant in most 
kimberlites can therefore be attributed to the 
combined effects of a typically steeper geotherm 
in the mantle beneath areas of alkali basaltic 
volcanism and a shallower depth of origin for this 
type of magmatism. 
Rare occurrences of garnet Iherzolite nodules 
associated with basanitic volcanism (Berger & 
Brousse 1976; Berger 1977; Volyanyuk et al. 1976) 
are taken to indicate that occasionally such magmas 
are .erupted from depths (- 60 -75 kms -Fig. 2) 
which lie within the garnet Iherzolite stability field. 
On the other hand, occurrences of Al- spinel Iher- 
zolites in the kimberlites of S.W.Greenland and 
the Colorado Plateau, U.S.A. when contrasted 
with their apparent absence in the kimberlites of 
southern Africa and Yakutia, U.S.S.R., probably 
at least in part reflect higher upper mantle geotherms 
beneath these former regions. However. the fact 
that Al- spinel Iherzolites have also been reported 
from the kimberlites of the Colorado -Wyoming 
state line district U.S.A. for which a similar upper 
mantle geotherm to that beneath southern Africa 
and Yakutia at the time of kimberlite emplacement 
has been deduced (McCallum et al. 1975) is com- 
patible with the curved Al- spinel Iherzolite garnet 
Iherzolite reaction boundary determined by O'Hara 
et al. 1971 which may be taken to indicate that 
even under continental shield areas characterised 
by low heat flows, the uppermost mantle (approxi- 
mately a 10 -15 kilometres thick zone) may be 
expected to lie in the Al- spinel Iherzolite stability 
field. With this in mind it is considered that the 
apparent absence of Al- spinel Iherzolites in the 
much studied kimberlites of southern Africa and 
Yakutia, U.S.S.R., must reflect the fact that the 
uppermost mantle beneath these areas has a more 
highly depleted refractory, residual type chemical 
composition with a higher Cr /(Cr +Al) ratio. 
In the kimberlites of southern Africa the upper- 
most mantle is therefore considered to be repre- 
sented by the nodules of chromite Iherzolites and 
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Table 6. Average compositions of spinet lherzolite nodules (individual analyses recalculated to I00 " on a H_O and CO, 
free basis with all Fe expressed as Let)). 
A B C D E F G H 
SiO, 44.20 44.64 44.24 4448 44.79 44.85 42.30 45.31 42.91 
TiO, (1.13 0 05 0.16 0.18 0.12 0.08 t r. 0.11 (1.08 
AI,Ó} 2.05 2.24 2.18 1.80 3.23 2.11 1.21 0.43 0.5' 
Cr,O, 0.44 11.45 0.23 0.42 1).36 0.42 0.35 0.25 0.36 
FeO 8 29 8.09 8.36 8.90 8.61 8 00 6.89 6.52 7.34 
MnO 0.13 0.12 0.13 0.14 0.12 0.10 0.17 0.09 0.12 
NiO 0.28 0.27 0.30 nd. nd. 0 28 0.18 0.34 0.42 
Mg0 42.21 41.69 42.70 41.77 39.46 41.53 48.26 46.03 47.54 
CaO 1.92 2.25 1.57 2.34 2.70 2.34 0.44 0.56 0.54 
Na,O 0.27 0.16 0.12 0.13 0.35 0.25 0.10 0.13 0.08 
K,O 0.06 0.03 0.03 0.04 0.12 0.01 0.04 0.17 0.04 
Pz05 0.03 nd. 0.02 <0.01 0.05 nd. 0.06 0.04 0.02 
IOOMgiMg+Fe 90.1 90.2 90.1 89.3 89.1 90.2 92.6 92.6 92.0 
100 Cr/Cr+Al 12.6 11.9 6.6 13.5 7.0 11.8 16.2 28.1 31.7 
A. 384 nodules mostly in alkali basalt suite and mostly, but not exclusively. AI- spine) lherzolite types ( Maaloe & Aoki 1977). 
B. 150 nodules in alkalic basalts from Massif Central, France (Hutchison et al. 1970). C. 7 Al- spinel lherzolite nodules in 
ankaramite from Calton Hill, Derbyshire (Hamad 1963; Carswell -unpublished data). D. 13 Al- spinel Iherzolite nodules in 
alkali basalt in Itinome -Gata, Japan (Kuno & Aoki 1970; Aoki & Shiba 19731. E. 4 Al- spinel lherzolite nodules in 
Damkjernite of Fen Carbonatite Complex, south Norway (Griffin 1973). F. 3 Al- spinel lherzolite nodules in kimberlite at 
Green Knobs, New Mexico, U.S.A. (Smith & Leavy 1976). G. 3 Cr- spinel lherzolite nodules in nephelinite at Ndonyuo 
Olnchoro, Kenya (Suwa et al. 1975). H. 5 chromite Iherzolite nodules in kimberlites of pipe 200 and Ngopetsoeu. Lesotho 
(Carswell et al. 1979 and unpublished data) I. 2 chromite Iherzolite nodules in ankaramite carbonatite of Lashaine 
Volcano, Tanzania (Rhodes & Dawson 1975). 
chrbmite or Cr- spinel bearing harzburgites (Smith 
& Dawson 1975; Carswell et al. 1979). Comparison 
of whole rock analyses shows that chromite Iherzo- 
lite nodules have more depleted compositions than 
both Al- spinel Iherzolites from elsewhere (Table 6) 
and associated garnet Iherzolites (Table 5). Thus 
the present, evidence from the nodules occurring in 
the kimberlites of southern Africa points to an 
upper mantle stratigraphy beneath that region 
which comprises an uppermost highly depleted 
zone predominantly of chromite lherzolite and 
chromite or Cr- spinel harzburgite (probably of 
the order of 40 kilometres thick) overlying a zone 
in which garnet Iherzolites predominate but become 
less depleted at increased depths. Further support 
for such an interpretation comes from the typically 
somewhat lower equilibration temperatures indi- 
cated for the chromite lherzolite nodules when 
compared with associated garnet Iherzolites. 
The presence of chromite Iherzolites and harz- 
burgites together with garnet Iherzolites as nodules 
in the Lashaine carbonatite /ankaramite volcano, 
Tanzania (Reid et al. 1975) and of Cr- spinel 
Iherzolites and harzburgites in nephelinite at Ndo- 
nyno Olnchoro volcano, Kenya (Suwa et al. 1975) 
and the absence of Al- spinel lherzolite nodules in 
both of these recent volcanoes, strongly suggests 
that the highly depleted chemical character of the 
uppermost mantle beneath southern Africa re- 
corded by the Late Cretaceous kimberlites currently 
extends to beneath East Africa. The occurrence of 
xenocrysts of particularly chromiferous pyrope 
garnets of likely lherzolite paragenesis in certain 
kimberlites in Yakutia. U.S.S.R. (Sobolev et al. 
1973) as also in certain pipes in northern Lesotho 
(see Carswell et al. 1979), is taken to indicate high 
levels of depletion of the upper mantle to unusually 
deeplevels beneath parts of both these regions. 
Observations that in Africa lherzolite nodules 
of highly depleted chemical character are variously 
contained in kimberlite, nephelinite and carbona- 
tite /ankaramite magmas and that Al- spinel Iher- 
zolite nodules in the kimberlite at Green Knobs. 
New Mexico, U.S.A. and in the damkjemite of the 
Fen carbonatite complex, south Norway have 
closely similar compositions to the common lher- 
zolite nodules found elsewhere in magmas of the 
alkali basalt suite (Table 6) invalidate any assump- 
tion that the uppermost mantle beneath areas of 
alkali basalt -basanite -nephelinite magmatism nor- 
mally has a somewhat less depleted chemical com- 
position to that beneath areas of kimberlite or 
carbonatite magmatism. Instead currently available 
lherzolite nodule data support the contention that 
the uppermost mantle beneath a large part of 
Africa has a more highly depleted chemical corn- 
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Table 7. Lherzolite nodule compositions compared to pyro- 
lite mantle compositions (individual analyses recalculated 
to 100 " on a H10 and CO_ free basis with all Fe expressed 
as Fe0). 
A B C D 
SiO, 45.20 45.1 44.2 45.89 
TiO2 0.71 0.2 0.13 0.09 
AI_03 3.54 4.6 2.05 1.57 
CrzO3 0.43 0.3 0.44 0.32 
FeO 8.47 7.9 8.29 6.91 
MnO 0.14 0.1 0.13 0.11 
NiO 0.20 0.2 0.28 (1.29 
MgO 37.48 38.1 42.21 43.46 
CaO 3.08 3.1 1.92 1.16 
Na2O 0.57 0.4 0.27 0.16 
K_O 0.13 0.02 0.06 0.12 
P,Oz 0.06 0.02 0.03 0.04 
100 Mg Mg+Fe 88.7 89.6 90.1 91.8 
IOOCr;Cr+AI 7.5 4.2 12.6 12.0 
A. Pyrolite model composition (Ringwood 1966); B. Average 
mantle pyrolite composition (Ringwood 1975); C. Average 
of 384 spinel Iherzolite nodules (Maaloe & Aoki 1977): 
D. Average of 61 garnet Iherzolite nodules, mostly in 
kimberlites but also in Lashaine ankaramitejcarbonatite 
volcano. Note that the data of Chen (1971) are deliberately 
excluded from this average on the grounds of incompatibi- 
lity, especially in AI,O3 contents and Mg (Mg +Fe) ratios. 
with data from other sources on equivalent nodules from the 
same localities. 
position than beneath other regions affected by 
kimberlite, carbonatite or alkali basaltic magma - 
tism, with the possible exception of Yakutia, 
U.S.S.R. 
The data in Table 7 demonstrate that the 
upper mantle compositions indicated by averaged 
Iherzolite nodule compositions are significantly 
depleted in potential basaltic magma yielding con- 
stituents relative to the pyrolite model compositions 
for primitive or pristine mantle of Ringwood (1966, 
1975). Indeed Ringwood (1975) has proposed that 
the uppermost mantle, as represented by ultramafic 
nodules and alpine type peridotites, has a dominant- 
ly refractory residual composition which reflects 
the fact that any basaltic component has already 
been extracted. Certainly the amounts of garnets, 
spinets and clinopyroxenes in some Iherzolite no- 
dules are sufficiently low that at solidus tempera- 
tures these minerals may well have been entirely 
occluded within refractory magnesian olivines and 
orthopyroxenes. However, the evidence from the 
various Iherzolite nodule suites strongly indicates 
the existence of significant lateral and vertical 
variations in the level of depletion of the uppermost 
mantle and is taken to support previous suggestions 
(Hutchison et al. 1975; Maaloe & Aoki 1977) 
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that the chemical composition range exhibited by 
Iherzolite nodules effectively encompasses that of 
both residual 'depleted' and primitive 'undepleted' 
mantle. Nevertheless there may well normally be 
an overall chemical zonation to the upper mantle 
above the asthenophere with the level of depletion 
in basaltic magma yielding constituents decreasing 
with depth. 
Concluding remarks 
It is apparent that Iherzolite nodules represent an 
abundant and coherent group of comparatively 
uniform mineralogy and chemistry but that there 
are nevertheless important variations in the nature 
and composition of the stable alumina -rich mineral 
phases (spinel and or garnet) complemented by 
changes in the modal content and chemical composi- 
tion of associated pyroxenes. The minerals spinel 
and garnet show an overall antipathetic relation- 
ship but some nodules contain coexisting primary 
spinels and garnets and it is clear that spinel - 
garnet stability relationships are complex and are 
determined by chemical (notable Cr (Cr + Al) ratio) 
as well as physical ( P T) controls. Spinel Iherzolites 
are stable at lower pressures than garnet Iherzo- 
lites, but the transition pressure increases for more 
refractory rock compositions. Hence whole rock 
chemical data, notably Cr.(Cr +Al) ratios. are 
required and must be closely matched to experi- 
mentally studied compositions before precise pres- 
sure estimates can be obtained for the various 
Iherzolite nodule types. The construction of accur- 
ate upper mantle stratigraphic profiles on the 
basis of observed nodule suites must therefore 
await a more detailed experimental calibration of 
garnet -spinel -pyroxenes equilibria in Cr- bearing 
ultrabasic rock compositions. 
The range of spinel compositions in Iherzolites 
is such that it is unsatisfactory to refer to all such 
nodules simply as spinel Iherzolites. Instead it is 
proposed that the names Al- spinel Iherzolite, Cr- 
spinel Iherzolite and chromite Iherzolite should be 
employed depending on spinel compositions. It is 
also desirable to note whether or not garnet Iher- 
zolites contain primary spinel and if so. of which 
composition type. 
Correlations between textures and nodule chemi- 
stry or between textures and equilibration tempera- 
tures and hence depths derivation have been re- 
corded in certain Iherzolite nodule suites in both 
kimberlites and magmas of the alkali basalt suite 
but clearly do not hold in all cases. Previous 
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suggestions of significant inflections in upper man- 
tle palaeogeotherms beneath some regions are con- 
sidered to be unsubstantiated, especially when due 
allowance is made for current uncertainties in the 
pressure /temperature estimates for garnet lherzo- 
lite nodules. 
Lherzolite nodules both from individual and 
widely separated localities have somewhat variable 
contents of the more fusible chemical components 
indicating that significant vertical and lateral varia- 
tions exist in the chemical composition and hence 
'basaltic' magma yielding potential of the upper 
mantle. Nodule evidence suggests that the upper- 
most mantle beneath much of southern, as well as 
possibly eastern, Africa and Yakutia, U.S.S.R. is 
particularly depleted in such constituents but that 
the level of depletion decreases markedly with 
depth. 
Some recent studies of lherzolite nodule suites 
have provided only compositions of coexisting 
minerals. However, it is desirable that such data he 
combined with whole rock composition data. 
Only then can one reliably assess to what extent 
the presence of spinel instead of, or in addition to, 
garnet in particular nodules is due to chemical 
rather than pressure /temperature controls. In addi- 
tion such integrated studies, especially if they in- 
clude REE data, might hopefully lead to a more 
satisfactory characterization of 'pristine' as opposed 
to 'depleted' upper mantle compositions than 
currently exists. 
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SUMMARY. Uranium contents ranging from 0.03 -1.18 
ppm have been determined by delayed neutron activation 
analysis in a suite of t9 ultrabasic xenoliths (mostly of the 
common garnet lherzolite type) from the kimberlites of 
southern Africa. Consideration of these and previous data 
lead us to conclude that the U content of uncontaminated 
garnet lherzolite in the uppermost mantle is on average 
roughly 0.04 -0.05 ppm, levels which are sufficient to 
account for the observed U contents of fresh basalts. 
Higher U contents in mantle -derived ultrabasic xenoliths 
are the result of secondary alteration processes, most 
probably related to infiltration metasomatism stemming 
from contact with kimberlitic or carbonatitic magma 
fractions. This introduced U is concentrated along the 
boundaries of the primary mineral grains and is mostly 
readily removed by acid leaching. A partial analysis is 
given for a secondary uraniferous calcium phosphate 
phase observed in kelyphitic rims around garnets. 
IT is generally accepted that the garnet lherzolite 
xenoliths brought up by kimberlites are representa- 
tive of the dominant rocks in the uppermost too - 
zoo km of the mantle (Rickwood, 1969; Carswell 
and Dawson, 1970; Nixon and Boyd, 1973; 
Sobolev, 1977, etc.). As such mantle depths prob- 
ably also correspond to the source region for 
basaltic magmas (Ringwood, 1975) it is important 
to decide whether garnet lherzolite xenoliths repre- 
sent pristine mantle capable of yielding basaltic 
magmas through feasible partial melting and frac- 
tionation processes (O'Hara and Yoder, 1967) or 
residual mantle depleted in basalt yielding consti- 
tuents (Ringwood, 1975). 
Major element contents of lherzolite xenoliths 
© Copyright the Mineralogical Society 
suggest (Carswell, 198o) that there are significant 
lateral and vertical variations in the basalt yielding 
potential of the uppermost mantle rocks. With this 
in mind it is of interest to determine the U contents 
of such rocks, especially as they will profoundly 
influence the heat generating capacity of the upper- 
most mantle. 
Previous studies. Analyses of U contents in rock 
samples of garnet Iherzolites from kimberlites are 
sparse, surprisingly being fewer in number than 
analyses of U in griquaite (mantle- derived eclogite) 
xenoliths which clearly represent a more special- 
ized and subordinate component of the upper 
mantle. U contents determined in some 17 ultra - 
basic xenoliths (peridotites) from kimberlites, 
mostly from localities in southern Africa, range 
from 0.052 -1.2 ppm (Holmes and Paneth, 1936; 
Heier, 1963; Wakita et al., 1967; Akimov et al., 
1968; Fisher, 197o; Morgan and Lovering, 1971; 
Manton and Tatsumoto, 1971; Kresten, 1974). Dis- 
counting the high early values of Holmes and 
Paneth (1936) and other high values attributable 
to later alteration processes, the best previous 
values for the primary U content of garnet peri- 
dotite (lherzolite) xenoliths appear to be in the 
range 0.052 -0.276 ppm. On this basis Kresten 
(1974) suggested that unaltered garnet peridotite 
' xenoliths from kimberlites contain roughly 0.20 
ppm U. 
By contrast many more analyses are available 
of the U contents in spinel lherzolite xenoliths 
brought up in magmas of the alkali basalt - 
basanite- nephelinite suite. The mean U content 
D. A. CARSWELL AND C. M. RICE 
determined in 57 such xenoliths is 0.0425 (an = 
0.0450) -data from Wakita et al. (1967); Green et 
al. (1968); Kleeman et al. (1969); Fisher (1970); 
Nishimura (1972); Haines and Zartman (t973); 
Dostal and Capedri (1976). The mean value for the 
22 determinations by neutron activation analysis 
(0.0385) is reasonably close to, but nevertheless 
slightly lower than, that for the 35 determinations 
by fission track analysis (0.0450). Despite some 
overlap in their U contents, previous analyses thus 
appear to indicate that spinel lherzolite xenoliths 
in alkali basalt suite magmas typically have lower 
U contents than garnet lherzolite xenoliths in 
kimberlites. 
Analytical methods. The U contents of powdered 
rock and mineral samples were determined by 
delayed neutron activation analysis using a system 
directly developed from that of Amiel (1962). Five 
replicate determinations on sample BD t 133 indi- 
cate a precision at 1 a of 5 %. The analyses were 
carried out by Mr T. Herrington, Analytical 
Chemistry Group, MOD (PE), at the Atomic 
Weapons Research Establishment, Aldermaston, 
Berks., England. 
For fission track radiography the samples 
received a total neutron irradiation of t x to16 n 
cm-2. Lexan plastic was used as a detector and the 
prints were etched in 6N NaOH at 90 °C for ten 
minutes. 
Uranium contents in rocks. The U contents deter- 
mined in a suite of 19 ultrabasic xenolith samples 
from kimberlites are given in Table II, along with 
notes on the petrography of these samples. The 
majority of samples are of the common garnet 
lherzolite type (Carswell and Dawson, 197o; 
Carswell, 1980) taken to represent the dominant 
rock type in the uppermost t 50 -200 km of the 
mantle. We have classified -such xenoliths as garnet 
lherzolites as long as they contain the 4 -phase 
primary assemblage of olivine + orthopyroxene + 
clinopyroxene + garnet, despite the fact that the 
contents of garnet and clinopyroxene are typically 
< to %. Some of the xenoliths contain minor 
amounts of phlogopite interpreted as primary on 
the basis of its apparent textural and chemical 
equilibration with the 4 -phase garnet lherzolite 
assemblage (Carswell, 1975). The group of xenoliths 
studied from the Matsoku pipe in northern 
Lesotho contains two xenoliths (BD 1354 and 1360) 
with much higher modal contents of garnet and 
clinopyroxene. These xenoliths also have lower 
too Mg/(Mg+ Fe) ratios and belong to the distinc- 
tive banded peridotite- pyroxenite series of xeno- 
liths interpreted to be of cumulate origin (Cox et 
al.1973; Gurney et al. 1975). The group of xenoliths 
from the Kimberley area mines contains one resi- 
dual type harzburgite xenolith (BD 1200) totally 
devoid of garnet and clinopyroxene. Major element 
analyses of all the BD xenolith samples are given 
by Carswell and Dawson (1970), whilst analyses for 
the remaining xenolith samples are given in 
Table I. 
The U contents in these 19 xenolith samples are 
decidedly variable ranging from 0.03 -1.18 ppm, 
with a mean value of 0.178 ppm (an 0.254 ppm). 
In these xenoliths no apparent correlation exists 
between U content and major element chemical 
parameters such as loo Mg /(Mg+ Fe) and too Cr/ 
(Cr + Al) ratios, which are useful indices of the 
`fertile' or `depleted' chemical character of the 
mantle in terms of its basalt yielding potential. 
Instead the variation in U content appears to reflect 
variation in the type and degree of secondary altera- 
tion which has affected these xenolith samples. The 
dramatically reduced U contents in three xenolith 
samples after overnight leaching at room tempera- 
ture in 2N HCI indicate that in those samples with 
highest U contents much of it is in labile sites. 
Uranium contents of mineral phases. The U con- 
tents determined in mineral separates from certain 
of our xenolith samples are listed in Table III, along 
with previous determinations (mainly by fission 
track analysis) of the U contents of the primary 
mineral phases in other ultrabasic xenoliths from 
kimberlites. The U levels determined in our study 
are more in line with the results obtained by 
Akimov et al. (1968) and Mitchell and Aumento 
(1974) than with those of Kleeman and Lovering 
(1973) Whilst Mitchell and Aumento (1974) deter- 
mined orthopyroxenes as having the highest U 
contents of the 4 -phase garnet lherzolite assem- 
blage, our results for the only xenolith sample for 
which we have determined U levels in all four 
mineral phases are in agreement with those of both 
Akimov et al. (1968) and Kleeman and Lovering 
(1973) to the extent that U appears to be regularly 
distributed between the phases and decreases in the 
order garnet > clinopyroxene > orthopyroxene 
olivine. 
Discussion. Mass balance calculations for those 
xenoliths for which we have determined the U con- 
tents of the mineral phases (making reasonable 
assumptions for U levels in orthopyroxene and 
olivine in three out of four cases) yield calculated 
U contents in rocks reasonably in line with the 
observed values. However, this is not so if the aver- 
age U contents for the minerals are used to calculate 
rock U contents in certain other xenoliths. Fission 
track mapping on lexan prints shows that in such 
xenoliths much of the element is concentrated 
along the boundaries of the primary mineral phases 
and it is probably this U that is being removed by 
acid leaching. The precise nature of these secondary 
U- enriched phases is not entirely clear although the 
URANIUM IN LHERZOLITE XENOLITHS 
TABLE R: Additional Analyser o! Garnet thereon. Kenoli te !rom Klmberll tes 
CBI CB2 CM C12 C13 0K4 CK)l 
5102 45.50 45.55 49.77 44.79 45.09 45.07 45.41 
7102 0.07 0.04 0.09 0.00 0.06 0.04 0.02 
0120) 1.85 1.16 2.56 1.90 2.18 2.06 1.68 
Cn203 0.11 0.23 0.42 0.17 0.11 0.12 0.28 
Fe203 2.08 1.82 0.27 1.80 0.97 2.07 2.09 
Peo 4.37 4.07 5.04 4.82 5.6) 4.56 3.53 
Mr0 0.10 0.09 0.11 0.11 0.11 0.10 0.09 
010 0.17 0.28 0.27 0.26 0.26 0.25 0.10 
990 41.09 42.68 37.73 41.11 40.66 40.92 1.56 
ceo 1.19 0.89 0.89 1.14 1.21 1.20 0.51 
Nato 0.16 0.10 0.11 0.22 0.76 0.17 0.10 
620 0.10 0.10 0.06 0.14 0.26 0.16 0.05 
7205 0.06 0.04 0.04 0.08 0.11 0.06 0.01 
020' 1.14 2.62 1.81 2.90 2.95 2.89 4.25 
CO, 0.29 0.25 0.14 0.21 0.24 0.21 0.10 
Tote1 100.54 100.12 99.28 99.90 100.40 100.10 100.20 
100 Cr/ (Cr All 10.1 10.2 9.9 9.1 8.1 9.4 10.2 
100 Mg/1Mg FeTI 92.1 93.0 92.7 91.9 91.8 91.9 93.2 
Analyst: V.A. Stmogyl. Department of Geology, University of Sheffield, using a combination of at®lc absorption. 
p.06100hot0mstrlc and gravlmecrlc techniques. 
TABLE I): Ur4ndtm Contents ln 01era6aslc Xenoliths from Klmberllte 
ample Locality 


















































Coarse equlgranular ttturd garnet Iherrollte 1'Coaeaon P.rldo tl te' xenolith 
type, Cos et 1., 193)1 
Similar to BD 1355. but with more phlogoplte - sostly In rims around garnets 
Coarse textured garnet end cllnopyroxene rich garnet lherroll6e from banded 
peridotlte-pyromeatt4 serles xenoliths (Cox et al. 19731 interpreted as 
emulates 
Similar to RD 1355 but with 4 volt phlogoplte - both as rims crowd garnets 
and in metasomatic 0e104 with raille 
51.11.0 to BD 1354 but with even more cllnopyroxene and less 01101ne 
Porphyroclastic textured garnet lhersolite. TT 0.26 pi. 
Coarse textured garnet lherrolite fairly heavily veined with serpentine 
Coarse textured genet llersollu with abundant phl0gopite :costly along grain 
boundaries but also some discrete primary textured plates 
Coarse textured he m ed rrburylte with 'fingerprint' spinals lntergr  with ortho- 
pyr00ene 
Coarse ...granular textured garnet 19..11. 
Coarse textured garnet lhersollte with scarce primary textured 761ogap16e and 
.00_.7 Rhitole rims around garnets 
Coarse to nerd ce garnet lhersolite with scar primary tortured phlogop/re and 
secondary aamhibole and phiogoplte rims around garnets 
Coarse textured garnet 18errol66. with primary and secondary textured phlago- 
pite (Carswell 1975) 
Porphyroclatic textured garnet lhereollte with very scarce cllnopyto0ue 
Coarse textured garnet lhersolite with minor priory and secondary textured 
75logaplu 
Porphyroclastia textured garnet 1Berrollte 01* minor secondary phlogopit. 
rims around garnets 
Coarse textund garnet lherso1190 with minor secondary phlogopSts as rims 
around garnets and cllnopyroxene vlth unusual ditinctly p016111 tichAIt 
(Carswell 19751 
Mosaic - porphyrmclntle texterd garnet lhersollte 
Coarse ...ad garnet lhermllte alth ronalderable secondary 7277090515.. 
Range in flue :awn= determinations 0.143 -0.161 pp 
Veloce In parenthesis obtained after samples leached Analyst: J. Barrington 
in IN MCI at roga 
TRBLB III: 
temperature overnight 




Garnet Cilnopyroxene Orthopyrmsene 011vine 
Analytical 
Method 
BD 1354 0.07 0.04 Delayed neutron 
Activation 
Aso lyses of 
mineral 
Separates 
BD 1164 0.28 0.04 
m 1140 o.s t o.os 0.3 t 0.05 0.1 0.05 
BD 1150 0.21 0.01 




















.0.000) Fission Track Sealy.. 
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Chemistry of micas from kimberlites and xenoliths -II. 
Primary.- and secondary- textured micas from peridotite xenoliths 
J. S. DI:LANI Y.* J.V. SMITH 
Department of the Geophsical Sciences. l'niversity of Chicago. Chicago. IL 60637. l ..S...\ 
D. A. ('ARsvai.t. and J. B. DAWSON 
Department of (icoloL'). t nikersit' of Sheffield. Sheffield SI 3JD. England 
t RercirrJ I Iu,N`r Ilr''l; eh coned in reriseJ form 6 February 1980) 
\hslract Micas from coarse granular Iherzolites in S. African kimberlites ma) he separated into two 
_natps. thr,e shokking prlma textural relationships with coexisting silicates and those with secondary. 
alteration relationships %kith other silicates. Primary- textured micas form a tight cluster with a mean 
Conth,''Iti,+n from Ili course garnet Hit :wines of: Si O_ 41.0. TiO2 0.18. AI,O3 13.5. CnO3 0.8-'. total Fe 
a, I sO _ ra \InO 0.02. \tgO 26.Ií. NiO n.". Ca0 0.01. BaO 039. Na2O 0.31. K,O 10.0. Rh,O 0.0 2S. 
e ' i Pum.0 , -t k,,:reli inlets Ill aggregates with cluwpro.xenc hake higher TiO2 and 
four reenn;n which look Similar to the primary group but have textural ambiguities have still higher 
Tio. 
Mica, %kith secondary textures hake wide ranges of composition which may be correlated with details 
of the textural parageneses. Micas from kelyphitic rims around garnets tend to be Cr -rich while those 
from semlets are Cr -poor. Both groups tend to have higher FeO and TiO, than the primary group. 
Micas I`roduced by alteration of. or filling veinlets through. orthopyroxene have a wide compositional 
range 'Itch overlaps that of the primary- textured micas. especially for harzburgite specimens. 
The primary- textured micas show a positive correlation with coexisting pyroxenes for 
\Ig0 iNIg0 + FeO) and TiO_. but not for Cr203. Secondar- textured micas do not show correlations 
with coexisting pyroxenes for any elements. 
The 'primar -metasomatic' micas described by HARTE and GURNEY 119751 and metasomatic and other 
micas described by BOETTCHER et al. 119791 and BOETTCHER and O'NEIL 119791 are richer in FeO and 
TiO, than the present primary- textured micas. and are attributed to crystallization from fractionated 
fluids. 
INTRODUCTION 
As IEsckittii in Part I (SMtTH et al.. 1Y'S)- we are 
studying micas in order to obtain information on the 
distribution of potassium and other large ions in the 
upper mantle. .Analyses of K. Rh and Ba were sum- 
marized in SMITH er 01. (1979). and the resulting K Rh 
and K lia ratios prox ided constraints on the origin of 
basaltic rocks. Since publication of Part 1 the follow- 
ing papers have provided additional chemical ana- 
lyses of groundmass and phenocryst micas in kimber- 
lites: Elwin Ban and Tunraq kimberlites- Somerset 
Island. Canada IMITCIIELL, 1978, I979): kimberlitic 
dyke. Keith township. Ontario, Canada )WATSON et 
111.. 1973): Central West Greenland kimberlites 
(SroTT. 1979): Premier Mine, South Africa (ELrttoN 
and RIDLEY. 1979). The first seven analyses in Table I 
of B0ETTctiER et al. (1979) are apparently of rimmed 
crystals surrounded by kimberlite matrix. We extend 
the pioneering study of CARSWELL (1975) in which a 
distinction was made between the chemistry of 
primary and secondary micas in peridotite xenoliths. 
BoyD and NIXON (1978) made a similar distinction 
* Present address: American Museum of Natural His - 
tory. New York. NY 100'_4. U.S.A. 
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between 'mantle -derived' and late-stage' micas in 
ultramafic nodules from the Kimberley pipes. S. 
Africa. 
Igneous. metamorphic and metasomatic processes 
have modified the rocks and minerals of the upper 
mantle. Partial melting has generated basaltic liquids 
and depleted residues. Most liquid has escaped 
upwards. but some has been trapped, and crystallized. 
Mineral cumulates have been produced in magma 
chambers. The resulting heterogeneous suites of rocks 
have undergone metamorphic recrystallization, which 
has either partly or completely converted igneous or 
metasomatic textures into metamorphic ones. Mica is 
particularly prone to deformation and recrystalliz- 
ation because of its basal cleavage, and is consumed 
eárly during partial melting of mica -garnet- lherzolite. 
Local increase of temperature, and infiltration of 
fluids into adjacent rocks, can be expected during 
intrusion of kimberlite magma into peridotitic rocks. 
Petrographic textures provide undoubted evidence 
of the frequent occurrence of metasomatism in peri- 
dotite xenoliths transported by kimberlites, but it is 
unclear how the observed textures relate to the con- 
cept of 'precursory metasomatism' prior to eruption 
of alkali basalts (BOETTCHER and O'NEIL, 1979). 
858 J. S. Di LA's! Y. J. V. SMI III. D. A. C'AHSwi t.t. and J. B. DAwurs; 
Table I. Specimen description 
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(1978): 2 DELA"IEY et al (1979). 
Notes: a rare cpx occurs in separate grains and in symplectite or veins with Cr- spinel and 
mica. b rare cpx in euhedral grains surrounded by serpentine. c amphibole occurs as single 
grains partly replaced by mica, and in symplectite with Cr- spinel. e most mica secondary 
but a few large crystals show primary like texture. d recrystallized mica in deformed 
areas of primary mica. 
Abbreviations: P primary texture, Pc primary texture in which mica tends to associate with 
clinopyroxene, Pu primary texture but with some unusual features, So secondary texture with 
mica in rims around orthopyroxene, S 
c 
secondary texture with mica in rims around clinopyroxene, 
Sk secondary texture with mica in kelyphitic rims around garnet, Sm secondary texture with 
rimming of primary- textured mica, Sv secondary mica in irregular veinlets, usually associated with 
serpentine. 
Here, we describe textures and chemistry of micas 
occurring in the peridotite xenoliths from kimberlites. 
In particular, we describe a suite of primary- textured 
micas with a distinctive chemical composition for 
geochemical modeling of the upper mantle. 
Textural terms and rock nomenclature follow the 
scheme in HARTE (1977), We emphasize that the 
present texture of a peridotite xenolith may reflect 
only the most recent metamorphic event, and that an 
earlier texture may have been erased completely. A 
kinematic description of solid -state processes in meta- 
morphic rocks is given by NICHOLAS and POIRIER 
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7004m 73-72 500µm 73-64 
Fig. I. Dray.in of te\lures inulxing primas mica... 2125 rwo kink-banded mica grains adjacent to 
kelyphitic rim of a garnet cristal. All mica grains in five thin sections are next to garnet c ystals. Minor 
alteration in grain boundaries of olivine and orthopyroxene. 3.5 mm across. B 73 -75 Aggregate of 
clinopyroxene (c) and mica crystals surrounded by serpentine (dotted). The clinopyroxene crystals are 
not optically parallel, and have irregular boundaries. This is an extreme example of intimate association 
of mica and clinopyroxene. and most agggregates contain only a few crystals with fairly regular boun- 
daries. I mm across. C 73 -72 Simple texture with slight fracturing of olivine and grain -boundary alter- 
ation. 2.8 mm. D 73 -64 Simple texture except for deformation and partial recrystallization of mica. Some 
grain- boundary alteration and fracturing of olivine and orthopyroxene. 4.5 mm. 
(1976). and representative textures in peridotite xeno- 
liths are described by BOULLIER and NICHOLAS (1975). 
DESCRIPTION OF SPECIMENS 
We selected specimens (Table I 
I 
principally from the col- 
lections of J. B. Dawson (prefixed JBD). J. V. Smith (JVS). 
and D. A. Carswell (CK. CB). Additional specimens (K) 
were obtained from the Fearnsides Collection at the Uni- 
versity of Sheffield. Two specimens (CHE) were kindly 
donated by C. H. Emeleus of the University of Durham 
and one (HOAM) by H. O. A. Meyer of Purdue University. 
The original suite was deliberately selected by petrographic 
examination of polished thin sections to locate large mica 
grains in apparent textural equilibrium with other silicates. 
No special effort was made initially to locate specimens 
with secondary micas because the original suite yielded 
enough such micas in lherzolites. However. a paucity of 
secondary micas in harzburgites lead to selection of speci- 
mens from the Fearnsides Collection. Eclogites were ex- 
cluded from the present suite. and will be considered separ- 
ately. 
Micas from xenoliths of mantle peridotites may be cru- 
dely subdivided (CARSWELL, 1975) into two textural 
groups: (a) primary- textured micas, denoted P. which 
occur as large single crystals having 'equilibrium' grain 
boundaries with adjacent silicate and oxide minerals. and 
(b) secondary- textured micas, denoted S. which may (i) 
form alteration rims around other minerals, particularly 
garnet and orthopyroxene, often penetrating along clea- 
vage traces in the latter, (ii) fill cracks, often in association 
with serpentine. thereby forming veinlets throughout the 
rock, and (iii) form rims and veinlets around primary - 
textured micas. Sub -groups of secondary micas are listed in 
Table 1. 
Grains of primary micas are usually 1 -2 mm across, and 
the exposed cross -sections represent random cuts across 
thick plates with a thickness -to -width ratio probably vary- 
ing from near 1:1 to at most I:5. Grains of secondary 
\59 
micas range of mi- 
crometers across. Mica grains in alteration products of 
other minerals tend to be small. The larger grains of 
secondary mica tend to be more euhedral. Although they 
may overlap in size with the smaller primary grains. they 
can be identified as being secondary because of their occur- 
rence in veinlets. 
The first complication is the distinct tendency (cf. Bono 
and NIXON. 1975: CARSWELL et al.. 1979) for coarse mica 
grains to associate with clinopyroxene. garnet and oxide 
grains in preference to orthopyroxene and olivine grains 
(Fig. I). Particularly striking are pool -like aggregates of 
mica and clinopyroxene grains. whose texture ranges from 
a mosaic to an intimate intergrowth (Fig. 1B). Two poss- 
ible explanations of these aggregates are crystallization 
from a melt interstitial to olivine and orthopyroxene crystals. 
and pseudomorphic replacement of an earlier crystal. The 
first explanation is not tenable because of chemical re- 
lationships described later on. The second explanation 
appears plausible when other specimens are considered 
(CARSWELL et al.. 1979). Kelyphitic rims around garnet 
consist of fine -grained mixtures of several inhomogeneous 
minerals including mica. Cr- bearing spinel and Al -rich pyr- 
oxenes. Carswell and co- workers found specimens in which 
the kelyphitic rim has recrystallized into coarse grains of 
mica. Cr- bearing spine) and Ca -rich pyroxene. Complete 
transformation of garnet to these three minerals. with pro- 
longed annealing to a coarse texture of chemically- uniform 
grains may therefore be the origin of the aggregates. 
Whereas garnets usually occur as equant euhedral crystals, 
the aggregates tend to be irregular. This can be explained 
by invoking both deformation and incorporation of some 
of the adjacent orthopyroxene during the transformation of 
the garnet. Although the minerals of the aggregates have a 
primary texture. the likelihood of an earlier history of re- 
placement resulted in the special designation P, in Table 1 
for mica aggregated with clinopyroxene. 
What is the explanation of the tendency for a single mica 
grain to associate with a garnet, or clinopyroxene or oxide 
u,u J. S. 1)11.ANIl, J. V. SMITH. D. A. C'Attswtt.t. and J. 13. DAw'sl)N 
grain in those specimens for which there is no distinctive 
aggregate texture" Did the mica grain merely nucleate 
close to one of these other grains. perhaps because olivine 
and orthopyroxene crystallized earlier leaving a liquid rich 
in the components of mica. garnet. clinopyroxene and 
oxide minerals'' Or was there a prior episode of metasoma- 
tism followed by complete obliteration of any kelyphitic or 
aggregate texture? From the petrographic viewpoint. the 
present primary texture merely records that metamorphic 
equilibration was achieved. thereby removing evidence to 
decide the above questions. 
An important difference between primary- and 
secondary- textured micas is their relationship to the defor- 
mation whose effects are present in most xenoliths of 
mantle peridotites. Zones of brittle deformation. repre- 
sented by cracks and kink -hands. cross grain boundaries 
and are more easily seen in primary micas than in other 
silicates because of the strong basal cleavage (Fig. IA. Dt. 
The deformation must have occurred late in the history of 
the rocks because the micas show little healing around 
fracture planes. Although primary- textured micas must 
have originally- crystallized before deformation. many 
examples of partial recrystallization occur in the deformed 
parts of the crystals represented by small etiite r.tl :1 :o- 
hlasts of mica in textural equilibrium with one another and 
sometimes with adjacent portions of the larger crystal frag- 
ments. Such late recrystallization. if continued sufficiently 
long. might under favourable conditions produce an aggre- 
gate of crystals obscuring the evidence of strain in the ori- 
ginal'equilibrium' crystal. Continuing strain during recrys- 
tallization of an equilibrium primary mica might produce a 
hand or veinle: of smaller mica crystals. The smaller grain 
size and unstrained character of the secondary micas leases 
their relationship to any deformation unclear but is consis- 
tent with post- deformational growth (Bow and NIXON. 
1970. The secondary micas have grown in an environment 
conducive to recrystallization so that evidence of deforma- 
tion is destroyed. 
Four specimens labeled P in Table I contain special 
textural features which cast some doubt on assignment to 
the primary group. Mica grains in I14IA are closely as- 
sociated with clinopyroxene grains in clusters. but strong 
deformation has broken up most mica grains. Many oli- 
vine grains have recrystallized to a fine -grained aggregate. 
Although mica grains in 1359 occur randomly and have 
similar size to their neighbors. the grain size of most speci- 
mens tends to be smaller than for peridotites assigned to 
the P group. Probably 1359 recrystallized to small grains 
after deformation of a coarser texture. In 1197. all mica 
grains but one appear to have a primary relationship to the 
other silicates. with a strong tendency to cluster with spinel 
grains. However. one mica grain about 2 mm long and 
0.2 mm wide cuts completely through an olivine grain 
about I mm across. In 1800. mica grains are very large 
( -4 mm). but the entire rock is so deformed and net - 
veined that the extent of preservation of the original tex- 
ture is unclear. 
In none of our specimens has the deformation of the 
anhydrous silicates proceeded to the degree reported by 
BOYD (1973) for high- temperature porphyroclastic garnet 
lherzolites. BOYD and NIXON (1978, p. 1373) noted strong 
shearing in mantle- derived phlogopite from intensely - 
deformed Bultfontein rocks, and JBD found mica in most 
of the sheared garnet lherzolites in his collection from the 
Bultfontein Mine. A special study is underway to deter- 
mine the relation between the chemical composition and 
extent of deformation of micas from these low- temperature 
porphyroclastic rocks from Bultfontein. 
Metasomatic transport of elements including K. Na and 
Ti is essential for growth of micas rimming garnet and 
orthopyroxene (types Sx, So), though the distance is inde- 
terminate. For primary textured micas, it is possible to 
invoke an earlier episode of metasomatism prior to meta- 
morphic equilibration. but certainly the primary- textured 
micas are not the result of post -metamorphic metasoma- 
tism. except for the altered rims. Whatever their ultimate 
origin. the primary -textured micas certainly provide infor- 
mation on the pre -deformation metamorphic era. though 
not necessarily of an even earlier era. 
ANALYTICAL CONDITIONS AND DATA 
Although the electron microprobe analyses were 
obtained by several operators over five years using various 
conditions. the essential features and correction procedures 
were as in BtsttOt et al. (1978). Major elements were 
referred primarily to Dte< Jdts glass. and earlier nataral 
standards for minor elements were replaced by Coming 
glass standards using the following reference values (glass 
V: TiO2 0.80 wt". Cr2O3 0.76: glass W: MnO 0.65: glass 
X: Ni() 0.711. 
Analyses of CI were made at 15 kV and 0.5 pA beam 
current with 5 211µm spot dia. Analv,es with 1'CA beam 
current were indistinguishable. The standard (natural sea- 
polite XXXIV: SI1As. 1960) was cross -checked against 
other natural scapolites and some chlorapatites. No wave- 
length interferences were found. and an ADP analyzer %vas 
used. 
Analyses of F required special precautions. False ana- 
lyses were obtained on F -free specimens when an incorrect 
aperture was present in the electron -beam column. thereby 
resulting in electron scattering outside the analyzed area. 
Contamination was found to occur from diffusion pump 
oil and a F -free oil (Convoles IO) was used. A TAP analyz- 
ing crystal gave a wide peak and wavelength interferences 
(especially from phosphorus) were reduced to trivial level 
by careful choice of background positions. Synthetic fluor - 
phlogopite was checked against fluorite and several 
natural fluorapatites. and a straight line was obtained after 
correction with the MAGIC on -line computer program. 
Special techniques for analysis of Rh and Ba were de- 
scribed by SMITH et al. 11979). 
Analyses of K20 and Na20 tended to be lower than 
values required for two alkali atoms per formula unit even 
for optically clean areas. Systematic study of many areas of 
primary -textured micas usually revealed small regions with 
the full complement of alkalies. Other elements such as Cr 
and Ti were not reduced in regions of lowered alkalies. 
Table 2 gives representative analyses for micas with 
primary textures. based on the mean of 4 -8 spectrometer 
analyses taken on spots selected from numerous energy - 
dispersive analyses. Alkali analyses tend to be lower than 
those in SMITH et al. (1979) because the latter were based 
on fewer analyses deliberately selected for alkali -rich 
regions. The BaO and Rb,0 analyses were made only on 
alkali -rich spots. F or these primary- textured micas. minor 
elements were spatially uniform within +10%. 
Table 3 gives representative analyses for micas with 
secondary textures, usually based on the mean of about 5 
spectrometer analyses following a survey with energy - 
dispersive analyses. A considerable range of compositions 
was present in most specimens. and for six specimens with 
particularly large range two representatives analyses are 
listed. The large and erratic composition range of the 
secondary micas indicates disequilibrium. 
Tables 4 and 5 list analyses of coexisting minerals for 
specimens not already described in BISHOP et al. (1978) and 
DELANEY et al. (1979). 
Analyses of the Carswell specimens differ from those 
given by CARSWELL (1975) because they are the mean 
values of a larger number of analyses taken at different 
spots from those used by Carswell. 
CHEMISTRY OF MICAS 
The chemistry of micas and coexisting minerals can 
be used to test for equilibrium. Furthermore the poss- 
Chemistr\ of micas from kimherlites and xenoliths II 861 
Table 2. Electron microprobe analyses of micas with primar\ textures 
(a) coarse -grained textures with no special features 
CK1 CK4 CB6 1368 2125 73 -59n 73 -63 73 -64 73 -76 BT7 
SiO 
2 
40.47 42.50 39.89 42.30 
TiO 
2 
0.25 0.12 0.61 0.01 
A1203 13.64 13.59 12.45 14.24 
Cr203 0.81 0.83 0.67 0.86 
FeO 3.23 2.52 2.95 2.36 
Mn0 0.03 0.00 0.02 0.01 
My0 25.70 25.48 25.22 26.57 
Ni0 0.20 0.26 0.21 0.22 
Ca0 0.01 0.00 0.00 0.03 
Na20 0.42 0.70 0.35 0.27 
K20 9.30 10.69 10.53 9.02 
Cl 0.05 0.09 0.09 0.08 
F 0.35 0.26 0.42 0.30 
BaO 0.353 0.301 0.167 0.400 
9b20 0.027 0.029 0.040 0.023 
Total 94.840 97.370 93.617 94.335 
41.7 40.22 41.31 41.07 39.25 41.42 
0.14 0.20 0.03 0.24 0.18 0.06 
12.9 13.43 14.05 14.53 13.63 12.42 
0.86 1.01 0.74 0.85 0.87 0.68 
2.45 2.09 2.57 2.90 2.20 2.70 
0.01 0.01 0.03 0.02 0.01 0.01 
26.8 26.03 26.28 24.97 25.82 27.46 
0.25 0.21 0.20 0.24 0.19 0.23 
0.00 0.02 0.01 0.02 0.02 0.02 
0.06 0.29 0.19 0.15 0.50 0.21 
10.3 10.18 10.58 10.71 9.24 9.48 
0.11 0.10 0.07 0.10 0.04 0.10 
0.73 0.15 0.60 0.47 0.48 0.55 
0.062 0.697 0.138 0.096 0.565 0.172 
0.044 0.028 0.024 0.016 0.020 0.026 
95.206 94.665 96.822 96.342 92.465 95.538 
(b) associated with clinopyroxene (first six) or with some doubtful 
textural feature (last four) 
CK2 8015 MON4 1197 73 -72 73 -75A 11414 1143B 1359 73 -1800 
SiO2 40.87 40.71 41.81 42.84 41.38 41.35 42.16 41.16 41.03 42.49 
TiO2 0.13 0.33 0.12 0.13 0.85 1.20 0.83 0.55 1.37 0.52 
A1203 13.19 13.41 12.93 11.96 12.39 13.47 11.87 12.96 13.48 13.23 
Cr203 0.78 0.75 0.65 0.69 0.58 0.62 0.54 0.67 0.63 1.22 
FeO 2.85 3.45 2.31 1.82 2.85 3.30 2.88 2.63 3.23 2.57 
Mn0 0.02 0.02 0.01 0.00 0.01 0.03 0.02 0.01 0.03 0.03 
Mg0 25.64 25.12 26.38 26.94 25.21 24.73 25.67 25.18 25.09 24.86 
Ni0 0.17 0.21 0.17 0.17 0.24 0.17 0.19 0.19 0.20 0.20 
CaO 0.02 0.12 0.02 0.01 0.02 0.04 0.02 0.01 0.04 0.02 
Na20 0.75 0.81 0.76 0.26 0.10 0.17 0.16 0.82 0.10 0.2C 
1(20 9.45 9.27 9.85 10.60 
10.60 10.60 10.60 9.62 10.20 10.42 
Cl 0.08 0.08 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.08 
F 0.15 0.316 0.73 2.16 0.75 0.46 0.81 0.47 1.12 
0.88 
BaO 0.220 0.435 0.353 0.088 0.035 0.036 0.034 0.202 0.070 0.032 
Rb20 0.019 0.000 0.016 0.032 0.032 0.036 0.039 0.033 0.037 
0.032 
Total 94.339 95.031 96.155 97.750 95.107 96.252 95.869 94.555 
96.677 96.784 
ible role of crystal- liquid partitioning can be tested by 
using the well -known tendency for Mg and Cr to con- 
centrate into crystalline phases and Fe and Ti to con- 
centrate into liquid during partial melting or frac- 
tional crystallization. e.g. MYSEN and BOETTCHER 
(1975). 
In Fig. 2, primary- textured micas have a smaller 
composition range than secondary ones. Those with 
unequivocal primary texture (P) fall in a cluster with 
TiO2 <0.6 wt% and Cr203 ranging from 0.6 to 
1.0wt %. Ignoring 73 -1800 which was strongly 
deformed, the remaining primary ( ?) micas, either 
aggregated with clinopyroxene (Pe) or with doubtful 
textural feature (P) lie in a narrow band with Cr203 
0.5 -0.8 wt% and TiO2 0-1.4 wt%. Although there is a 
trend to higher TiO2 contents for the Pc and P micas 
than for the P micas, as might be expected for micas 
produced from evolved fluids (i.e. result of partial 
melting). there is considerable overlap and no clear 
conclusion appears. 
For secondary micas, all those from kelyphitic rims 
around garnet (c.f. BOYD and NIXON. 1978, Fig. 10; 
DANCHIN, 1979, Table 2) have high Cr203 (1-4 we/0") 
and variable TiO2 (0-1.5 wt%). Typically the rims are 
peppered with tiny octahedra of Cr -rich spine\ but 
care was taken to avoid these during analysis 
(Tables 4 and 5). Because the garnet is richer in 
Cr203 than other silicates, the kelyphite can be inter- 
preted as the product of metasomatism by fluids rich 
in mobile elements including H2O and K. 
The remaining secondary micas scatter widely, but 
those in veinlets tend to have low Cr203. The average 
of the secondary micas is higher in TiO2 than for the 
primary micas. 
Primary- textured micas fall into one cluster on the 
FeO vs Cr203 plot (Fig. 3), and secondary micas tend 
86' J. S. Di t.ANi,i. J. V. Swill. D. A. C'AkswI u. and .1. R. DAwsiis 
Table 3. Electron microprobe analyses of micas with secondar textures 
CK31 
(a) from harzburgites 




CY.4 CK32 K1A K3 
SiO 
2 
41.61 41.42 40.63 38.70 39.40 42.52 42.95 42.39 39.62 40.41 40.75 41.0 42.36 40.76 
TiO 
2 
0.51 0.01 0.50 0.43 3.07 0.30 0.02 0.47 1.98 0.13 1.18 0.68 0.06 2.93 
A1203 9.22 12.14 13.52 15.20 13.08 13.71 10.33 11.02 13.56 13.42 14.16 9.70 13.2 12.33 
Cr203 0.35 0.56 1.24 1.30 1.67 0.81 0.51 0.29 1.42 1.00 1.36 0.44 0.54 1.35 
Fe0 4.54 2.37 2.88 4.36 3.63 2.57 1.77 4.15 3.19 2.81 4.09 4.38 2.71 
Mn0 0.02 0.02 0.01 0.07 0.01 0.01 0.02 0.02 0.02 0.02 0.09 0.02 0.01 0.0! 
M90 26.73 27.37 25.24 22.87 23.17 26.69 28.80 26.37 25.39 26.00 24.70 26.38 26.5 23.66 
Ni0 0.21 0.24 0.28 0.00 0.27 0.26 0.27 0.18 0.19 0.12 0.10 0.21 0.23 0.''1 
CaO 0.00 0.02 0.03 0.05 0.00 0.01 0.01 0.08 0.01 0.01 0.n1 0.03 0.01 0.32 
Na20 0.12 0.25 0.31 0.33 0.40 0.60 0.56 0.21 0.30 1.05 0.02 0.10 0.61 0.21 
Y.20 10.76 9.52 9.73 8.56 9.30 9.9 8.5 9.48 9.50 8.43 9.00 10.90 10.1 9.57 
Cl 0.r2 0.01 0.01 0.03 0.03 0.03 0.03 0.02 0.04 0.06 0.03 0.03 0.05 
F 0.26 0.30 0.43 0.53 0.95 0.12 0.69 0.74 0.50 0.36 1.24 0.03 0.35 
Ba0 na 0.297 0.297 0.145 0.145 0.189 0.238 0.200 0.154 0.50 na na na 
8b.,0 na 0.005 <0.005 0.042 0.042 0.036 0.014 0.059 0.025 0.017 na na na 
Total 94.35 94.532 95.112 92.617 95.167 97.755 94.712 95.679 95.899 94.417 96.921 94.11 96.39 96.30 
(b) from lherzolites (cont.) 
K3 K6 K8 K8 CB4 CB6 1368 1544 73-61 73-63 73-63 72-64 73-66 73-66 8015 
SiO 
2 
42.67 41.63 40.08 40.0 39.43 38.61 40.36 40.72 40.03 37.67 39.10 3.95 39.94 41.51 39.71 
TiO, 0.79 0.09 1.93 4.6 1.19 1.23 3.75 7.68 2.61 0.00 0.07 1.54 3.50 1.20 3.52 
A1203 9.96 10.5 10.24 12.0 14.54 14.73 12.95 12.46 13.12 19.95 16.24 17.70 14.85 13.10 14.66 
Cr203 0.56 0.28 0.38 0.2 1.61 1.51 1.41 0.54 1.11 3.77 1.93 1.40 2.05 0.58 1.10 
Fe0 3.65 2.96 5.30 5.4 2.85 3.09 4.34 5.58 4.46 4.58 3.27 2.99 3.77 3.11 3.58 
Mn0 0.02 0.02 0.03 0.04 0.02 0.03 0.04 0.03 0.12 0.06 0.01 0.04 0.03 0.02 
Mg0 26.76 28.58 25.24 22.2 24.17 23.69 22.29 18.92 22.88 21.09 23.38 22.93 22.36 25.30 24.76 
Ni0 0.21 0.23 0.22 0.14 0.20 0.16 0.10 0.20 0.00 0.11 0.16 0.16 0.21 0.11 
Ca0 0.02 0.01 0.03 0.06 0.01 0.02 0.18 0.02 0.01 0.01 0.03 0.02 0.10 0.01 
Na20 0.16 0.29 0.23 0.54 0.94 0.34 0.26 0.23 0.59 0.63 1.34 0.48 0.76 0.29 
K20 10.0 10.44 10.69 10.6 9.70 9.12 10.2 9.87 10.05 9.88 9.22 8.73 9.64 9.28 9.23 
Cl 0.04 0.02 0.03 0.02 0.03 0.03 0.01 0.02 0.05 0.06 0.02 0.02 0.03 0.03 
F 1.15 0.01 0.46 0.99 0.50 0.67 0.68 0.86 0.30 0.60 0.61 1.59 2.94 0.35 
Ba0 na na na 0.115 0.228 0.049 0.091 0.035 0.089 0.150 0.143 0.060 0.057 0.132 
Rb20 na na na 0.037 0.018 0.050 0.046 0.055 0.007 0.010 0.025 0.026 0.024 0.015 
Total 95.99 95.06 94.86 95.0 95.432 93.926 97.099 97.153 95.640 98.106 94.840 95.578 97.906 98.231 94.517 
to have higher FeO. Just as in Fig. 2, secondary micas 
associated with orthopyroxene (mainly in harzbur- 
gites) overlap considerably with primary micas. 
Almost all the micas, irrespective of texture, have 
NiO between 0.16 and 0.26 wt% (Fig. 4). Although 
micas from kelyphite tend to have lower NiO than 
primary micas, there is overlap. The lower NiO is not 
surprising because garnet tends to have low NiO 
( <0.04 wt°,,;), and an external source of NiO may be 
necessary for those kelyphitic micas with high NiO. 
Because the Fe' /Fe'+ partition ratio cannot be 
determined from an electron microprobe analysis of a 
mica, there is uncertainty in atomic assignments. 
Assuming all iron to be ferrous, the sum of Si' and 
Al" ions is close to 8 for all primary- textured micas 
(Fig. 5), but tending to a slight excess. Secondary 
micas lie in a broad band which runs from less than 8 
atoms for high -Si micas to greater than 8 atoms for 
low -Si micas. For those micas with (Si + Al)<8, it is 
probably necessary to invoke Fe' ions to fill tetra- 
hedral sites. Ferric iron cannot be ruled out for the 
low -Si micas. but is not mathematically necessary for 
filling of tetrahedral sites. Indeed qualitative measure- 
ments of the pleochroism (cf. BOErrcHER and O'NEIL. 
1979) are consistent with little or no Fe' in low -Fe 
primary- textured micas and substantial Fe' in 
high -Fe secondary -textured micas. 
Figure 6 demonstrates a moderate positive corre- 
lation between Al and.Cr for all micas. Veinlet micas 
tend to have lower Al and Cr and kelyphitic micas 
tend to have higher Al and Cr than primary- textured 
micas. Secondary micas associated with orthopyrox- 
ene overlap with primary- textured micas. 
There are large intra -group variations for the 
mobile elements Na, Cl, F, Ba and Rb, but averages 
tend to be similar, especially for Na and Rb. 
Chlorine is three times higher on average in 
primary- textured micas than in secondary ones. This 
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rules out a simple process of generation of primary - 
textured micas by rccrystallization of secondary - 
textured micas. Of course. an external source of chlor- 
ine can he invoked. Sn'I :nI:R et al. (1968) found 
0.011 -0.028 wt" ('1 and 0.019 0.039 wt " F in four 
garnet peridotites from S. Africa. About one -third of 
the peridotite would need to he mica if primary -tex- 
tured mica were the sole source of ('I and up to I0 " 
mica would he needed to account for the F. Such 
large amounts arc quite implausible and the analyses 
of STEUBLR et al. apparently indicate the occurrence of 
one or more phases rich in F and CI or both. The 
identity of such a phase or phases is currently un- 
known. Secondary mica is an exert less plausible 
source for the chlorine. Analyses of F and Cl in ultra - 
basic inclusions from kimberlites by PAL I. et al. (1976) 
show a wide range [R004 0.025 wt " F: 
(0.001 )-0.021 wt " CI]. for which only lower values 
could be plausibly accounted for by phlogopite. An 
important possibility is introduction of Cl into the 
kimberlites and enclosed xenoliths by percolation of 
ground water. as postulated for Sr (BARRETT and 
BERG. 1975). Low salues of Cl in various types of 
mica from kimberlites were found by BOETTCHER and 
O'NEIL (1979). 
Although mean values of K Rb tend to be close to 
the 'cosmic' ratio (SmiTI3 e( al.. 1979). individual ratios 
vary widely. thereby suggesting local separation of the 
two elements. Ratios of K Ba and K `Rb are nega- 
tively correlated for micas in peridotite nodules. 
CHEMICAL RELATIONS WITH 
COEXISTING PVROXENES 
A test of equilibrium is whether there are system- 
atic trends of element distribution between mica and 
coexisting silicates (cf. EHRENBERG. 1979). Unfortu- 
nately a distribution coefficient for a particular ele- 
ment between two silicates may depend on tempera- 
ture and pressure as well as bulk composition. A 
simple linear relationship is not theoretically necess- 
ary, but if found for a suite of samples. it is plausible 
to presume that the samples reached equilibrium. 
Systematic trends have been found experimentally 
for the distribution coefficients of the mg ratio 
[ = wen Mg0 (Mg0 + FeO)] among various sili- 
cates. though a substantial temperature variation 
occurs for some silicates, e.g. garnet and clinopyrox- 
ene. Plots of mg (mica) vs mg (pyroxenes) show sys- 
tematic positive trends for primary- textured micas 
(Fig. 7) and considerable scatter for secondary micas. 
Similar trends (not shown) occur between mica and 
both olivine and garnet. Kelyphitic micas tend to be 
slightly richer in Fe than coexisting primary- textured 
micas. Veinlet micas show the greatest scatter, thereby 
indicating precipitation from fluids not in equilibrium 
with primary silicate minerals. 
The positive correlation between Ti and Fe in 
megacrysts from the Malaita alnöite was interpreted 
in terms of fractionation of these elements into 
magma as crystallization proceeded (DI:LAN1:v e( al.. 
1979). There are no synthesis data, under mantle con- 
ditions. to indicate whether the partition of Ti 
depends significantly on pressure. temperature and 
composition. Furthermore it is not known how Ti is 
partitioned between octahedral and tetrahedral sites. 
with consequent difficulties in choosing appropriate 
exchange reactions. A good correlation was found for 
the partition of Ti between primary- textured mica 
and coexisting clinopyruxene (Fig. 8), with the impli- 
cation that the exchange reactions are rather straight- 
forward. Kelyphitic micas are richer in Ti than 
primary- textured micas when referenced to the trend 
for primary- textured micas. The data points are scat- 
tered. and kelyphitic micas are presumably not in 
equilibrium with the pyroxenes. Furthermore there is 
not a simple correlation between Ti in kelyphitic mica 
and garnet. 
Primary- textured micas associated with clinopyrox- 
ene in aggregates have similar ranges of titanium and 
111(1 to other primary- textured micas. This does not 
rule out an earlier kelyphitic replacement texture 
because subsequent metamorphic annealing could 
have occurred at similar pressure and temperature to 
the annealing of the other primary- textured micas. 
Chromium is partitioned strongly into crystalline 
phases from coexisting liquids. as demonstrated 
clearly by the chemical trends in megacrysts from the 
Malaita alnöite (DELANEY Cl al.. 1979). Primary - 
textured micas from clinopyroxene- containing aggre- 
gates are not richer in Cr than other primary- textured 
micas. Whereas primary- textured micas show a 
simple partitioning of Ti with coexisting pyroxenes. 
the partitioning of Cr is erratic. Data for primary - 
textured mica and orthopyroxene fall in a near - 
elliptical cluster (Fig. 9) without any linear corre- 
lation. The spread is even greater between mica and 
clinopyroxene, and no correlation with bulk compo- 
sition was detected. Furthermore, no correlation was 
found with temperature and pressure inferred from 
pyroxene chemistry. Although no simple partition 
was found for Cr between primary -textured micas and 
coexisting pyroxenes, it is not necessary to conclude 
that they are not in equilibrium. Complex exchange 
reactions may be responsible for the data. BOYD and 
FINGER (1975. p. 519) found a greater zoning of Cr 
and Ti than other elements in pyroxenes and garnets 
from Lesotho mantle rocks, but minerals from our 
primary -textured specimens are essentially homo- 
geneous in these elements; the scatter in Fig. 9 is 
much greater than the intra- specimen composition 
variation. 
Kelyphitic micas tend to fall in a cluster enriched in 
Cr203 relative to the primary micas and this is com- 
patible with replacement of Cr -rich garnet rather than 
Cr -poor olivine and pyroxenes. 
ORIGIN OF THE MICAS 
Crystal -liquid differentiation, metamorphism and 
metasomatism have caused major changes in the 
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chemical distribution of elements in upper -mantle 
minerals, and evidence accumulates of reaction 
between peridotite xenoliths and kimberlitic magmas 
(literature review in BOETTCHER and O'NEIL, 1979). 
.Nevertheless we reaffirm that a suite 
dotite xenoliths have a distinctive 
relationship to neighbouring grains 
oxide minerals, and that this textural 
of micas in peri- 
primary textural 
of silicate and 
relationship car- 
Table 4. Electron microprobe analyses of other minerals 
801079 
ol OGt [DX SD 
P2:5 




F1273 2.5 0.5 5.7 
Cr-.f 2 
3 
^,ç 1,1 59.9 
Fe' 7.2 4.9 1.5 27.7 
V ' 50.5 34.5 15.? 11.1 
';i: 










502 41.5 57.6 54.8 0.3 
TiC2 - 0.2 - 0.6 
Al2^3 - 0.1 1.0 10.0 
Cr2:3 - 0.8 1.3 53.4 
Fe0 7.5 5.2 1.0 25.7 
Mn0 - - 
Ms0 50.5 35.5 17.0 10.0 
Ni0 0.5 - - 
Ca0 - 0.3 23.1 - 
Na70 - 1.3 - 
.. - 0.2 - - 







5102 41.0 57.7 57.7 46.1 45.2 
-102 2.002 C.002 0.004 0.03 0.02 
203 7.701 ^.94 
1.05 11.5 11.4 
:r203 2.005 0.27 0.94 1.92 2.22 
=e0 6.51 4.26 4.39 2.39 2.68 
n9 0.079 2.098 0.08 7.04 0.02 
V-0 51.2 36.5 36.3 20.1 20.4 
7.42 2.08 0.07 0.12 0.10 
_30 0.008 ^.19 0.28 11.3 11.1 
'320 0.000 0.020 0.06 3.25 3.32 
(20 0.01 1.27 1.29 
Sum 99.227 100.062 100.884 98.02 97.75 
JVS 73-61 JVS 73-63 
801126 8011419 
sp Se ilm3 0l oox s,4 spy 
0.004 0.002 - - 
0.2 44.7 0.2 42.3 58.7 C.1 0.3 
- - 55.0 0.00 0.00 1.9 2.6 
12.0 - 0.2 0.00 0.76 13.5 0,6 
55.3 - 3.5 0.00 0.21 53.6 55.7 
13.9 12.2 25.7 6.72 4.26 17.1 10.2 
0.3 ,.17 0.17 
13.0 29.: 14.0 51.7 36.5 14.2 13.4 
0.2 0.44 0.08 
0.7 0.6 0.01 0.14 
0.02 0.01 




0112 opx cpx13 
so14 
0.002 0.092 
0.8 0.3 0.3 41.8 58.1 55.3 0.3 
1.0 1.5 9.9 0.001 0.002 7.3 1.0 
2.3 7.8 15.7 0.000 0.34 0.3 2.8 
61.1 53.6 22.7 0.006 0.55 1.2 61.9 
24.8 23.2 31.6 6.64 4,44 2.3 23.3 
0.09 0.11 
9.6 11.6 17.8 51.4 36.4 17.9 10.1 
0.39 0.07 
0.03 0.12 21.6 
0.000 0.02 1.0 















01 opx19 opx20 cpx sp 
0.006 0.009 0.009 - 
40.3 55.8 56.5 54.2 0.04 
0.021 0.21 0.60 0.30 3.40 
0.020 1.03 0.78 1,40 6.78 
0.024 0.46 0.83 1.68 50.8 
10.27 6.51 4.86 2.58 24.0 
0.134 0.15 0.11 0.10 0.28 
48.7 34.8 34.0 16.9 11.2 
0.35 0.09 0.11 0.05 0.15 
0.026 0.56 2.18 21.0 0.00 
0. 000 0.11 0.08 1.64 0.00 
0.01 0.01 0.01 - 








































































0.018 0.004 0.112 0.063 0.012 
42.0 59.1 54.0 42.0 42.0 
0.00 0.003 0.005 0.06 0.005 
0.01 0.78 2.72 20.9 0.008 
0.02 0.30 2.08 4.29 0.02 
6.66 4.12 1.98 7.01 7.56 
0.08 0.09 0.07 0.31 0.08 
52.3 36.7 16.7 21.0 52.2 
0.44 0.12 0.05 0.00 0.39 
0.02 0.41 19.2 5.04 0.021 
0.01 0.11 2.34 0.02 0.005 
- 
101.558 101.737 99.257 100.693 102.301 
se ol opx CDx 
39.1 40.8 57.8 54.3 
0.3 0.00 0.06 0.23 
1.2 0.00 0.41 1.36 
0.4 0.02 0.33 3.61 
6.5 8.6_^ 5.36 2.65 
0.14 0.16 0.09 
36.9 50.1 35.: 15.8 
0.2 0.46 0.10 0.09 
0.6 0.01 0.44 13.1 
0.01 0.14 2.92 
0.2 0.00 0.01 0.03 
(85.4) 100.16 100.01 99.68 
801197 
se o1 opx cpx sp 
42.7 41.6 59.0 54.7 0.01 
- O.Q04 0.016 0.044 0.26 
1.0 0.01 0.13 1.08 2.90 
- 0.03 0.20 4.09 66.3 
4.7 5.42 3.26 1.58 16.0 
0.07 0.07 0.05 0.2U 
38.3 52.4 37.6 15.7 12.5 
0.40 0.08 0.05 0.08 
0.02 0.24 19.4 0.00 
- 0.6'3 0.08 2.69 0.00 
0.2 0.00 0.01 0.00 0.00 




ol c7x cpx 
- - 0.010 0.005 0.11 
0.01 0.02 40.96 58.0 55.0 
87.2 87.2 0.01 0.02 0.03 
0.17 0.34 0.00 0.67 2.10 
3.62 4.99 0.02 0.32 2.33 
2.33 0.78 16.70 4.13 1.45 
0.03 0.01 0.08 0.09 0.05 
0.23 0.12 52.0 35.6 15.5 
0.00 0.03 0.38 0.10 0.06 
0.01 :.72 9.017 0.32 20.0 
0.00 0.00 0.004 0.07 1.95 
0.00 0.00 - - 
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Table 4 (continued) 
JVS 73 -754 
ol opx cps 
JVS 73 -76 
gt of opx cpx 
JVS 73 -81 
of opx amph25 sp 
HOAM 73 -1800 
gt ol cpx 
MON-4 
of opx cpx26 
cpx27 
P205 0.018 0.005 - 0.072 0.023 0.003 0.103 0.001 0.010 - - - - - 
5i02 42.0 50.4 55.0 42.7 42.4 58.2 55.3 41.5 58.7 56.0 - 42.2 42.2 54.2 40.9 58.0 55.3 55.4 
TiO, 0.020 0.030 0.253 0.027 0.00 0.1119 0.06 0.013 0.05 0.32 2.4 0.20 - - 0.004 0.000 0.03 0.06 
01203 0.004 0.65 2.34 21.9 0.00 0.81 3.60 0.00 0.03 1.02 0.5 17.4 - 1.4 0.01 0.70 2.67 4.78 
0r203 0.029 0.34 2.10 3.40 0.013 0.32 2.42 0.007 0.05 0.28 69.0 9.22 - 3.1 0.013 0.31 2.29 3.25 
Fe0 8.26 4.7 2.82 6.34 6.53 4.06 2.08 9.3 6.1 2.13 30.0 6.12 6.7 1.8 7.41 4.42 1.70 2.40 
'xn0 0.118 0.1? 0.095 0.42 0.0' 0.10 0.06 0.12 0.15 0.03 0.31 - - 0.11 0.09 0.05 C.08 
1g0 51.6 35.E 16.0 21.6 52.7 36.8 14.8 51.0 36.0 23.0 7.4 26.5 52.7 16.6 50.9 36.3 15.9 15.0 
1110 0.373 0.10 0.045 0.00 0.41 0.09 0.03 0.33 0.07 0.13 - - - 0.41 0.12 0.03 0.04 
CaO 0.027 0.41 13.6 4.30 0.01 0.25 19.6 0.01 8.70 7.1 - 6.2 19.0 0.01 0.23 20.2' 10.1 
'.a. 0 0.004 0.16 2.60 0.03 0. ,`.5 0.09 3.00 0.00 0.04 3.8 - 2.1 0.01 0.07 2.43 3.43 
1.9 - 0.00 0.0S 0.00 O.CT 
S.;m 102.453 190. x;, 5 90. "A3 101.44n 102.-1 100.762 101.053 102.237 171.40 90.71 109.3 102.2 101.6 .7.2 99.'77 101.12 100.E 100.6 
in symplectite. 2 rim of separate nrair: core similar in composition to symplectite, 3 0.2mm crystals surrounded tr: sercentine at margin 
cf nodule and kimberlite matrix, 4 rean ox isolated grains, 5 symplectite with serpentine. 6 full of irt'.s ions of s:inel;T, and -ica; 
TiO2 0 -0.3, :1203 0 -0.5, Cr2O3 0 -1.6. 7 s a'; crystals between opx and spinel- mica symplectite; Cr.:. 0.9 -2.0. Mao 15.E -17.1. ? in -ica- spinel 
_ 
symplectite, 9 grains enclosed by -ica it .bin, 10. 11 Core and rir of zoned nrai ,,s in serrertimp. 
grains surr..,1,U _ tine, 1-: , ';ins associated with mica in symplectite or veins; variable co-cosition e.g. 4125, 1.3 -4.3 
Ti02 1.7 -0.2, 15 clean area, 16 inclusion -rich region, 17 remnants of grains partly altered to rica, 10 :enter of arphitole- spinel 
s.- plectite, 19 blade of opx( ?) at argin of complex region which may result from recrystallization of megacryst of low -Ca pyroxene, 20 clean, 
recrystallized region. 21 interior of 0.3rr grain; Nb present but not analyzed, 2 interior of 0.3cr grain with Mg,Fe,Cr -rich lamellae; 
';b present: re,'li sulfide present, 23,24 center and edge, 25 Cl 0.01 wt.', F 0.61, 26 inclusion in olivine, 27 normal grain. 
Table 5. Electron microprobe analyses of other minerals in Carswell and Fearnsides collections 
Col 
at of no. 
CK2 






gt of pox cpx 
C64 





,'.5 0.02 .7.02 J.01 - - 0.02 0.01 0.01 0.01 0.01 - 0.01 0.01 - - 0.03 0.02 0.01 - 
Si02 42.0 42.0 59.0 54.2 0.09 42.0 42.0 59.0 56.1 55.8 0.03 42.6 40.9 59.0 55.0 42.0 42.69 59.5 55.4 - 2.1 
7102 0.06 0.01 0.04 0.07 0.51 0.05 0.02 0.03 0.05 0.09 0.48 0.05 - 0.02 0.06 0.05 0.01 0.04 0.0E 0.51 0.90 
41203 21.59 0.02 0.86 0.28 13 21.13 0.02 0.82 1.90 2.52 12 21.0 0.01 0.74 2.26 22.0 - 0.75 2.11 12 22 
Cr203 3.28 0.02 0.29 2.22 51 3.26 0.13 0.28 2.01 2.05 53 1.16 0.03 0.29 2.27 3.35 - 0.29 2.12 53 40 
FeO 8.20 7.85 5.00 2.18 22 8.13 7.96 5.06 2.09 2.54 22 8.10 7.84 5.09 2.31 6.10 7.61 4.9C 2.11 22 18 
wn0 0.44 0.09 0.11 0.09 - 0.48 0.13 0.12 0.06 0.08 - 0.48 0.11 0.13 0.16 0.45 9.16 0.13 0.9E - - 
M90 20.0 50.5 35.0 15.2 13 20.3 50.0 35.0 15.5 15.9 13 21.76 50.6 35.0 15.0 20.0 50.0 36.0 16.0 13 17 
:;i0 - 0.44 0.11 0.06 - 0.42 0.11 0.03 0.05 - 0.03 0.44 0.09 0.06 7.44 0.15 
0.00 
- - 
Ca0 4.83 0.01 0.26 20.04 - 4.77 0.01 0.26 20.39 17.81 - 4.88 0.02 0.26 20.77 5.03 0.02 0.32 20.0 - 0.10 
Ya20 0.02 - 0.05 2.01 - 0.020 0.01 0.05 2.15 3.12 - 0.03 - 0.06 2.11 0.03 - 0.12 2.00 - 
K20 - - 0.01? - - - 0.02? 0.01? - - - 0.0:7 - - - 0.01? - 
Sum 193.44 100.96 100.73 98.35 99.85 14:.2' 100.61 100.74 100.31 99.98 100.51 102.07 99.96 100.68 100.'.1 101.14 ':1.09 102.16 99.94 
100.51 100.00 
CK31 . C'32- C84 C58 




- .. - 0.02 - 1.04 
- 0.71 - 0.^.3 '.^.1 - - - 
0492 41.0 59.0 55.7 1.16 ..'E .... 55.0 0.06 - 42.5' 42.0 59.0 55.1 
42.0 42.0 ;2.2 54.0 0.42 
'i0, 0.01 0.06 0.31 1.55 6C ... . A 0.11 2.55 60 7.03 - 7.07 0:19 0.02 :.08 0.15 1.04 
=12r.3 0.02 0.94 r,.34 0.46 9.:9 - :.04 0.16 0.60 - 21.1 0.01 0.71 3.77 21.0 i.01 
:.85 2.19 57 
0020 
0.03 ,.18 1.60 59 19 :.76 2.08 58 17 4.71 0.04 0.30 3.42 
4.4 7.05 0.32 1.95 10 
FeO 
3 
8.66 5.32 2.35 28 8 ..-- 1.27 2.49 29 11 6.65 7.22 4.46 2.50 
6.88 7.44 4.E7 2.23 9 
Hn0 0.15 0.16 0.06 - - 0.13 :.13 0.08 - - 0.37 0.08 0.10 0.08 0.40 
0.09 0.12 0.07 0.14 
Mg0 49.0 36.0 21.8 9.0 4.1 51.0 36.0 16.4 9.3 3.5 21.0 50.0 35.1 14.0 
21.0 50.0 35.0 17.0 24 
9i0 0.38 0.09 0.06 - - 0.35 0.09 0.05 - - 0.42 0.14 C.05 0.02 0.44 0.13 0.07 
0.07 
Ca0 0.01 0.09 4.99. 0.03 0.78 0.02 7.27 21.72 - 4.05 0.02 0.40 15.49 
4.85 0.13 0.44 19.51 - 
Na20 - 0.03 4.26 - 0.05 - :.04 1.24 - - 0.02? 0.12 
4.00 0.05 :.01? :.12 2.15 - 
K20 - - 4.25 - 0.3? - :.01? 0.03? - - - 0.01? 
- - :.020 0.02? - 
Sum 99.26 100.95 94.72 99.20 92.94 101.41 101.81 99.38 99.51 91.5 100.45 99.81 
100.34 98.39 100.82 100.37 39.95 99,34 101.69 
K1A 
ol opx6 cpx 
K3 
ol oPx cpx7 cpx7 sP 
K6 
ol opx cpx 
K8 
ol opx cpx8 rt sog 
8015 
gt ol opx cox 
P20, 0.00 0.00 - 0.01 - - 0.01 - - - - 0.01 0.01 - 
0.01 - - 0.02 0.01 - 0.01 
SiO 
2 
42.0 57.0 54.0 42.0 60.0 55.0 05.0 - 42.0 59.0 54.0 
40.0 60.34 54.0 54.0 0.03 - 42.0 42.0 58.0 55.0 
TiO2 0.00 0.01 0.00 0.03 0.09 1.20 0.51 2.13 - 0.01 - 0.03 0.16 
1.33 0.39 97.0 13 0.07 0.03 0.05 0.10 
A1203 0.01 0.5 0.70 0.01 0.05 0.64 0.20 1.38 0.01 0.17 0.65 0.02 0.11 0.37 
0.70 - 2.2 21.0 0.02 0.83 2.51 
Cr202 0.00 0.35 1.67 0.03 0.17 0.80 2.94 63 0.01 0.13 1.19 0.01 
0.58 0.57 0.58 3.3 36 2.90 - 0.25 1.82 
Fe0 7.93 5.2 2.59 9.0 4.69 3.51 2.62 23 8.09 5.10 2.35 
11.0 5.47 2.88 3.91 0.49 31 9.18 9.31 5.56 2.67 
Mn0 0.11 0.13 0.07 0.11 0.12 0.15 0.11 - 0.12 0.15 0.06 0.18 
0.12 0.08 0.10 - - 0.54 0.13 0.14 0.09 
Mg0 50.0 36.5 16.75 49.0 36.0 19.53 19.65 12 50.5 37.0 17.27 
47.0 33.0 17.5 20.0 0.14 17 20.0 49.0 34.0 15.2 
910 0.39 0.08 0.05 0.39 0.10 0.03 0.03 - 0.41 0.08 0.05 0.02 
0.11 0.07 0.09 - - 0.04 0.41 0.08 0.05 
CaO 0.01 0.85 21.67 0.03 0.31 20.28 19.22 - - 0.12 22.7 0.15 0.87 
22.08 18.27 0.06 0.08 4.67 0.02 0.25 20.47 
8020 0.00 0.10? 1.53 0.01? 0.06 0.93 1.45 - 0.01 1.25 0.01? 
0.17 0.43 1.01 - 0.03 0.01 - 0.06 2.19 
10 - 0.2? 0.01? - - 0.02? 0.01? - 
- 0.01? - - 0.01? 
0.03? 0.03 0.03 - 0.01? - 
Sum 100.45 100.92 99.04 100.62 101.59 102.09 101.75 101.51 101.14 101.87 99.53 
98.43 101.36 99.32 99.09 100.91 99.34 100.43 100.93 99.23 
100.11 
1 two separate grains, 2 separate groin, 3 inclusion in mica, 4 unusual compositions 
of separate grains, but not checked in detail, 5 large grain 
of heazlewoodlte present, 6 contamination by secondary mica, 7 inclusions 
in mica, 8 small grains associated with 
mica, 9 inclusion in rutile. 




wt % TiO 
2 
Fig. 2. Cr203 vs TiO2 of micas. Filled circle. coarse -grained texture with no special features: filled 
triangle, primary texture associated with clinopyroxene: filled square. probably primary but with some 
doubtful feature: K. secondary texture associated with kelyphite rim of garnet: C. secondary texture 
associated with clinopyroxene: O. secondary texture associated with orthopyroxene; V. secondary tex- 
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Fig. 5. A13' vs Si' atoms for 22 cation charges of micas. 












ries over into a chemical relationship. The suite of 
primary -textured micas is characterized by coarse 
grains (> I mm) of uniform chemical composition 
except for alteration in the rim and in cracks. The 
grains are commonly deformed in contrast to second- 
ary micas which occur as small undeformed grains. 
The deformation may become so severe that mica 
grains are strongly disrupted, as in specimen 73 -1800, 
and there is then some worry that chemical changes 
may have taken place. We are concerned that mica 
grains tend to occur next to clinopyroxene. garnet 
and spinet grains, but tentatively attribute this to the 
conditions of crystal nucleation and not to metasoma- 
tism. except for the aggregates already discussed. In 
contrast with the primary- textured micas are the 
secondary- textured micas, which have been classified 
into various sub -groups. Those in kelyphitic rims tend 
to be relatively rich in Cr. whereas those in veinlets 
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Fig. S. Wt " TiO, (mica) vs TiO,(orthoproxcne and TiO2 (clinopyroxenei. See Fig. 2 for smbols. 
Some connecting lines omitted for clarit). 
Although primary- textured micas have a restricted 
range of chemical composition. we emphasize that 
this range tends to be enclosed by the overall range 
for all the secondary micas taken together. Further- 
more the mean compositions of the secondary micas 
in harzburgites and lherzolites (Table 6. columns 4 
and 5) are quite similar to the mean compositions of 
primary micas, which are separated into three groups 
P. Pc and P (columns 1 -3). 
DA \CHI\ (1979) suggested that the K content of 
undepleted lherzolite xenoliths from the Premier mine 
is 'primary' in the sense that it has always been 
present but is not now located in the same site as 
when these rocks first formed ". Thus he favored redis- 
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0.6 1.0 1.4 2.0 3.0 4.0 
wt% Cr203 mica 
zolites rather than metasomatic introduction from 
outside. BoYD and NIXON (1978) asserted that 
'mantle -derived' phlogopite from Bultfontein was 
present in peridotites prior to deformation and inclu- 
sion in the erupting kimberlite, and that phlogopite 
selvages on garnet developed after inclusion of peri- 
dotite nodules in the kimberlite. 
We suggest that the tendency for lower TiO2 and 
FeO in the primary- textured and secondary- textured 
micas may result from the secondary micas inheriting 
a larger fraction. on average. than the primary micas 
of fractionated liquids. At one extreme. the liquid may 
be kimberlite magma which invaded the peridotite 
xenolith causing precipitation of mica and other min- 




02 0.6 1.0 
wt % Cr2 03 mica 
1.4 2.0 3.0 
Fig. 9. Wt% Cr203 (mica) vs Cr203 (orthopyroxene) and Cr203 (clinopyroxene). See Fig. 2. for 
symbols. 
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Table 6. Mean composition of sub- groups of micas, and selected data from the literature 
1 2 3 4 5 6 
SiO 
2 
41.01 41.49 41.71 42.21 40.25 40.99 
TiO 
2 
0.18 0.46 0.82 0.66 1.79 0.57 
A1203 13.49 12.89 12.89 12.88 13.49 13.26 
Cr203 0.82 0.68 0.77 0.84 1.17 0.78 
Fe0 2.60 2.76 2.83 3.28 3.84 3.04 
Mn0 0.02 0.02 0.02 0.02 0.03 0.04 
h190 26.03 25.67 25.20 25.91 24.15 26.19 
Ni0 0.22 0.19 0.20 0.21 0.16 0.27 
Ca0 0.01 0.04 0.02 0.02 0.03 <0.03 
Na20 0.31 0.48 0.32 0.35 0.51 0.19 
K20 10.00 10.06 10.21 9.47 9.74 9.99 
Cl 0.08 0.06 0.06 0.02 0.03 
0.43 0.76 0.82 0.50 0.68 
Ba0 0.29 0.19 O.0d5 0.216 0.137 
Rb20 0.028 0.023 0.035 0.029 0.028 
Atoms for 44 cation charges. 
Si 5.817 5.888 5.907 5.881 5.728 1. 
Al 2.255 2.156 2.151 2.065 2.263 
Ti 0.019 0.049 0.087 0.071 0.192 2. 
Cr 0.092 0.076 0.086 0.095 0.132 
3. 
Fe 0.308 0.328 0.335 0.391 0.457 
Mn 0.002 0.002 0.002 0.002 0.004 
4. 
Mg 5.504 5.430 5.319 5.511 5.123 5. 
Ni 0.025 0.022 0.022 0.024 0.018 
6. 
Ca 0.002 0.006 0.003 0.003 0.005 
Ba 0.016 0.011 0.005 0.012 0.008 
7. 
Na 0.085 0.132 0.088 0.097 0.141 
K 1.810 1.821 1.845 1.724 1.768 
8. 
Rb 0.003 0.002 0.003 0.003 0.003 
Cl 0.020 0.014 0.014 0.005 0.007 9. 
F 0.193 0.341 0.367 0.226 0.306 
mc 0.947 0.943 0.940 0.933 0.917 
extreme, a peridotite could have undergone partial 
melting with production of local pockets rich in mag- 
matophile elements. including K. Fe and Ti. Defor- 
mation is likely during the partial melting. and the 
melt should move. and in some instances escape com- 
pletely, and in other instances merely move a short 
distance. Subsequent cooling would lead to crystalliz- 
ation of melt pockets and ultimately to retrograde 
metamorphism and establishment of an equilibrium 
texture. Although there is a tendency for TiO2 and 
FeO contents to be lower in primary than in second - 
ary micas, it is necessary to remember the wide range 
of minor elements for secondary micas and the tend- 
ency for some secondary micas to have compo- 
sitions related to adjacent minerals. Thus kelyphitic 
micas have higher Cr203 than veinlet micas, presum- 
ably because of contribution of Cr203 from break- 
down of adjacent Cr -rich garnet. In harzburgites, 
secondary mica adjacent to olivine and orthopyrox- 
ene crystals tends to be low in minor elements. We 
conclude that the chemical composition of micas in 
peridotite nodules transported by kimberlites can 
7 8 9 
41.0 -42.7 41.1 -42.9 38.7 -42.1 
1.07 -1.59 0.35 -0.75 1.04 -3.94 
11.7 -13.2 8.2 -10.6 9.6 -14.6 
0.19 -0.81 0.03 -0.39 0.11 -1.41 
2.72 -4.57 4.4 -8.7 4.3 -9.9 
0.05 -0.05 0.01 -0.09 0.01 -0.05 
23.9 -25.5 24.2 -26.3 17:7 -23.6 
0.16 -0.24 
<0.05 0.00 -0.33 0.00 -0.16 
0.17 -0.43 0.07 -0.35 0.05 -0.44 
9.27 -9.97 9.1 -12.0 9.4 -10.7 
mean 10 analyses, coarse -grained 
textures with no special feature 
(Table 2). 
mean 6 analyses, associated with 
clinopyroxene (Table 2). 
mean 4 analyses, some doubtful 
textural feature (Table 2). 
mean 8 analyses, secondary texture 
in harzburgite (Table 3). 
mean 21 analyses, secondary texture 
in lherzolite (Table 3). 
pale "primary" phlogopite, coarse 
garnet lherzolite,OANCHIN (1979). 
"primary- metasomatic" phlogopite, 
range for 8 xenoliths, Matsoku, 
HARTE AND GURNEY (1975). 
range of 10 analyses of phlogopites, 
with TiO2<lwt.%, in xenoliths, 
BOETTCHER et al. (1979). 
range of 10 analyses of phlogopites, 
with Ti02 >lwt.%, in xenoliths, 
BOETTCHER et al. (1979). 
result from both wide -scale factors (e.g. metamorphic 
equilibrium over large regions: meter to kilometer ?) 
and local factors (e.g. local partial melting; infiltration 
of kimberlite magma; micrometer to centimeter ?). It is 
necessary to consider textural features as well as 
chemical ones in discussing the origin of the micas. 
Because of the magmatophile nature of TiO2 and 
FeO, Fig. 10 is useful in comparing micas from the 
mantle. Our primary- textured micas are confined to 
FeO <3.5 wt% and TiO2 <1.4 wt %, in contrast to 
many micas with much higher contents of these ele- 
ments. Actually most primary- textured micas have 
FeO <3 wt% and TiO2 <0.8 wt %. Our primary 
group matches well with the pale 'primary' phlogopite 
found in coarse garnet Iherzolites (Table 6, column 6) 
by DANCHIN (1979), and the `mantle- derived' phlogo- 
pites of BOYD and NIXON (1978). 
It is now convenient to discuss the 'primary - 
metasomatic' phlogopite in eight xenoliths of garnet 
Iherzolite from Matsoku, Lesotho (HARTE and GUR- 
NEY, 1975; HARTE et al.. 1975). Three types of phlogo- 
pite occur: (a) 'primary -metasomatic' type, occurring 
$70 .I. S. Di LAN! J. V. Sxuru. I). A. (',xRswi t.t. auul J. 13. D:xwsos. 
wt % 
hane `rK 
Ti02 and I 
Gurney Le K 
c 
v 
p K vI00 
o 
411.4, m 
2 ? 4 S 
wt % Fe0 
F ' 8 9 
Fie. lu. Wt " Fco vs mi" TiO, of micas. Composition 
ranges arc given for 'primas metasomatic micas of H.ARrt 
and GI R\i' 1197 .51 and for phlogopites in xenoliths 
; is in R rr ,,1.. 1979,. Sec Tail: 6. 
with ilmenite. rutile and sulfidels) in veins. diffuse 
patches. small crystals and porphyroblasts (2-3 mm 
across. (b) 'late- secondary' type. occurring in kelyphi- 
tic and phlogopite rims around garnet and in serpen- 
tinous material and (c) a third type. whose textural 
features suggest another kind of 'late -secondary ori- 
gin'. Because the 'primary -metasomatic' type occurs 
in veins, a secondary origin is implied with respect to 
the main body of the peridotite. However. the phlogo- 
pite crystals do have 'equilibrium' grain boundaries 
with respect to adjacent silicate and oxide minerals. as 
confirmed by B. HARTE (personal communication). 
Although the original discovery of 'primary - 
metasomatic' phlogopite was in finer -grained (recrys- 
tallized or partly -recrystallized) rocks. it was subse- 
quently found in coarse rocks. A possible explanation 
of its primary te.vture is that prolonged annealing fol- 
lowed incursion of metasomatizing fluid. Such anneal- 
ing must have preceded formation of the 'late - 
secondary' type. The 'primary -metasomatic' type of 
phlogopite is texturally distinct from our primary - 
textured type. Furthermore, some of the veins in the 
Lesotho rocks are much broader (e.g. I cm wide in 
LBM -101) and more regular than the veinlets of our 
secondary phlogopites: additionally. the veins consis- 
tently contain sulfides in contrast to rare and sporadic 
occurrence in veinlets. In Fig. 10. the composition 
range of the 'primary- metasomatic' micas lies near the 
upper limit of the range of Fe and Ti for our primary - 
textured micas and overlaps with only two specimens 
one each in the Pc and P groups. 
BOETTCHER et al. (1979) and BOETTCHER and O'NEIL 
(1979) advocated the occurrence of precursory enrich- 
ment by metasomatism of peridotite before transport 
as xenoliths during magma eruption. Unfortunately 
they do not give detailed textural descriptions of most 
of their micas. Their micas from kimberlites tend to 
be Fe -rich, and we have arbitrarily subdivided them 
into Ti -rich and Ti -poor groups (Table 6; Fig. 10). 
The subgroups do 1101 overlap with our primary - 
textured micas. but do overlap vv ith our veinlet micas. 
Their specimen Kb-5 -I -A is an isolated megacryst in 
kimberlite matrix. The mica crystals in a garnet Iher- 
colite xenolith Kb -9 -I do not appear to he in textural 
equilibrium with the other silicate grains. Moreover 
the crystals average only t).1 mm diameter in contrast 
to the > I mm diameter of our primary -tetured 
micas. We conclude that the specimens described by 
Boettcher et al. are not related to our group of 
primary -textured specimens. 
In a preliminary abstract. S\inii and DAWSON 
(19751 niade a tentative distinction between the 
chemical composition of micas from the MARID 
suite (D,Awso\ and SxI11H, 197''1 and the megacryst 
suite. both of which arc richer in Fe than the primary - 
textured micas. The MARID and nrcgacryst suites 
were attributed to cry stallization of phenocrysts from 
kimhcrlitic Iua_nta- at utous stdocs 01 ascent. and a 
third paper will provide detailed documentation. 
Because the micas described by BOETTCHER et al. 
(1979) are rich in Fe and Ti we attribute them to 
processes involving crystallization from Fe -Ti -rich 
liquids. some of which have penetrated into kimber- 
lite: indeed the glimmerite micas described by 
BOETTCHER and O'NEIL (1979) almost certainly belong 
to the MARID suite. Although the primary - 
metasomatic' micas of HARTE and GURNEY (1975) are 
richer in Ti than all of our micas with undoubted 
primary texture. they have an overlapping range of 
Fe. The source of the metasomatizing fluid is unclear, 
but the close similarity of the MgiFe ratios of the 
'primary -metasomatic' micas of HARTE and GURNEY 
and our primary- textured micas rules out derivation 
of the former from a magma produced by a small 
degree of equilibrium partial melting of the host rocks 
of the latter. Perhaps the magma responsible for 
cementing the pálymict peridotites described by LAW- 
LESS et al. (1979( had a composition similar to the 
metasomatizing fluids involved in the specimens de- 
scribed by HARTE and GURNEY (1975). being rich not 
only in K and H2O but also in S. The phlogopite 
inclusion in a diamond from the Finsch kimberlite 
pipe is rich in TiO2 (1.7 we) and FeO (5.4 wt!''), 
which values (GURNEY et al.. 1979) are consistent with 
crystallization of the diamond and included phlogo- 
pite from an evolved liquid. 
To conclude, there are obviously many uncertain- 
ties in the interpretation of the chemistry of micas in 
peridotite xenoliths. and metamorphism may have 
totally destroyed earlier textural evidence of metaso- 
matism. Nevertheless there is a fairly well- defined 
group of coarse primary- textured micas in depleted 
lherzolite xenoliths, and their mean composition is of 
value in modeling the composition of depleted upper 
mantle. Fortuitously, the composition in Table 6, 
column 1, is quite similar to the one listed by WEDE- 
POHL and MURAMATSU (1979) for the average of a 
diverse group of phlogopites from "ultramafic rocks 
of potential mantle origin ". 
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Our primary -textured group has the highest values 
of Mg /Fe of all micas in mantle peridotites and kim- 
berlites, and it is tempting to ascribe the lower Mg /Fe 
of other micas to some combination of processes, one 
of which involves concentration of magmatophile ele- 
ments into a liquid during partial melting of perido- 
tites. At the onset of this investigation we hoped to 
find clean chemical and textural distinctions between 
micas from mantle, but ongoing studies by many 
investigators are indicating that there is some overlap 
between chemical properties of different textural 
groups. and that some textural features have ambi- 
guous implications. 
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Abstract. Current methods of geothermometry and 
geobarometry applicable to garnet lherzolite are re- 
viewed with reference to recent experimental studies 
of the equilibration of natural garnet lherzolite and 
it is concluded that the Wells and Mori -Green formu- 
lations of the two pyroxene solvus provide the most 
reasonable temperature estimates. Pressures are best 
estimated by using these temperatures with Wood's 
formulation of the orthopyroxene- garnet geobarome- 
ter without chromium corrections. Pipe 200 garnet 
lherzolites are considered to have equilibrated at 
9070-950° C at 30.0 -34.5 kb. 
It is shown that the transport times of xenoliths 
from the mantle are sufficiently long (0.5 --24 h) to 
allow thermal equilibration with kimberlite but are 
too short to allow chemical re- equilibration to occur. 
Xenolith suites therefore retain information regarding 
the pressure /temperature history of the upper mantle 
despite being heated to the temperature of the kimber- 
lite magma during transport. 
The Pipe 200 xenolith suite indicates that the up- 
per mantle beneath Lesotho has been perturbed to 
temperatures slightly above those defined by steady 
state geotherms. The Pipe 200 suite is derived from 
a narrow depth range (90-110 km) and derivation 
of chromite and garnet lherzolites from similar depths 
implies that the mantle is heterogeneous over short 
vertical distances. No simple stratigraphy, in which 
chromite lherzolites overlie garnet lherzolites is evi- 
dent. Comparison with other suites of Lesotho garnet 
lherzolites shows that it is not possible to construct 
an upper mantle stratigraphy except in the most gen- 
eral terms because of the prevailing lateral and verti- 
cal heterogeneity and apparent limited depth range 
represented by the xenolith suites. 
Introduction 
The Pipe 200 kimberlite in northern Lesotho is situ- 
ated close to the Letele pass road about 8 km west 
of the better known kimberlites of the Kao area. 
The pipe outcrops on the western bank of the Maliba- 
matso River and it and the associated Malibamatso 
Blow and kimberlite dike swarm have been briefly 
described by Kresten and Dempster (1973). In addi- 
tion to numerous xenoliths of crustal origin the kim- 
berlite contains a suite of mantle- derived ultramafic 
xenoliths which have been described in detail by Car- 
swell et al. (1979). In that work it was shown that 
the ultramafic suite was dominated by garnet and /or 
chromite lherzolites and harzburgites of varying 
degrees of depletion in basaltic components '. Corn- 
positional data for the bulk rocks and their consti- 
tuent minerals were presented but the interpretation 
of the data in terms of the nature of the upper mantle 
beneath Northern Lesotho was only briefly touched 
upon. In this work we explore some of the possibilities 
of kimberlite- xenolith interaction and the relevance 
of the xenolith equilibration temperatures and pres- 
sures (PIT values) to the thermal and stratigraphic 
nature of the mantle. The geothermometers available 
for estimating lherzolite equilibration temperatures 
arediscussed in some detail as the equilibration temper- 
ature chosen is critical in evaluating the equilibration 
pressure and ultimately therefore in arriving at any 
upper mantle model. 
Geothermometrr 
Temperatures based upon the pyroxene solvus have been exten- 
sively utilized for estimating the equilibration parameters of xeno- 
liths. Many of these studies are based upon the Davis and Boyd 
(1966) 30 kb solvus, which was determined by a combination of 
optical and XRD methods. The Davis and Boyd (1966) solvus 
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Table 1. Pressure and temperature estimates for Pipe 2011 ultramafic xenoliths 
PT II PTII PTH l'TII PTH l'TH PTH PTI PTII 19-11 PTH PTH PTII PT 11 l'T11 PTI1 
102 108 202 203 205 207 304 4(1(1 401 403 404 405 407 409 410 210 
Rock type 
Pyroxene solvus 
T° C Wells (1977) 
P kb Wood (1974) 
No Cr correction 
P kb Wood (1974) 
Cr correction 
GL ((ì)('L ((ì)CL C'L (CI)CL GC L (G)CL GL GCL (ìL 
947 873 883 951 963 946 880 
31.5 34.3 
31.6 - 34.8 
GL GL GL GC'1. GL Gp 
932 883 946 950 934 929 9(17 946 823 
34.5 30.0 32.8 32.6 31.1 30.3 32.2 14.4 
31.1 29.8 18.1 28.4 26.0 24.4 27.5 14.7 
T° C Mori -Green 971 890 896 960 989 969 
(1978) 
P kb Wood (1974) 
No Cr correction 
P kb Wood (1974) 
Cr correction 33.0 - 
32.9 - - 35.6 
893 957 896 969 971 953 948 925 967 841 
36.0 31.2 34.0 33.7 31.1 31.3 33.4 15.3 
36.1 - 32.5 - 31.1 29.3 29.5 27.0 25.4 28.6 15.6 
T° C Boyd (1973) 910 915 935 1.005 970 975 1.000 990 920 985 950 1.005 990 965 1.(110 800 
T° C Wood -Banno 1.060 999 1.015 1.095 1,081 1,065 1.015 1.047 1,018 1,065 1,073 1.058 1.054 1.034 1.071 945 
(1973) 
Garnet-clinuprru.ecnc Fc-.111; exchange 
T° C AkeIla-Bovd 1.085 - - 
(1974) 
T° C Mori-Green 
(1978) 
1.115 
996 - - - - 1.037 
1.160 - 1,160 1,110 1.150 1,110 1.185 1.170 875 
1.109 - 1,100 1,032 1,097 1,031 1.153 1.122 698 
Rock types CL= chromite Iherzolite: GCL = garnet chromite Iherzolite; GL =garnet Iherzolite; GP= garnet pyroxenite. WI) in parentheses 
indicates that garnet originally thought likely to have been a member of the original primary assemblage, although now absent 
position is not consistent with recent experiments employing micro- 
probe techniques. Both Nehru and Wyllie (1974) and Mori and 
Green (1975. 1976) clearly show that the Davis and Boyd (1966) 
solvus temperatures are in error, being low relative to the newer 
values at high temperatures (> 1,100° C) and high at lower temper- 
atures. Boyd (1973) proposed that the pyroxene solvus is essentially 
insensitive to pressure. Later studies (Mori and Green 1975: Nehru 
and Wyllie 1974; Lindsley and Dixon 1976) have however demon- 
strated a pressure effect. the degree of pressure dependence increas- 
ing with temperature increase and being most pronounced above 
1.200° C. Between 1.200' and 900° C the pressure effects appear 
to be relatively small. but their extent is poorly known because 
of insufficient experimental data. Below 900° C the solvus is essen- 
tially pressure independent. Wells (1977) has concluded that over 
much of the temperature range of interest that pressure effects 
are masked by experimental errors of similar or greater magnitude, 
a conclusion also reached by Mori and Green (1978) in their study 
of the solvus in natural garnet Iherzolite compositions. We conclude 
that the present solvus data do not invalidate the assumption that 
the two pyroxene geothermometer is independent of pressure over 
the PIT range of interest in the interpretation of these xenoliths. 
More serious problems arise in attempting to extrapolate from 
simple systems to natural assemblages. Boyd (1973) has attempted 
to make allowance for Fe by use of the Ca /Ca +Mg ratio rather 
than the Ca /Ca +Mg +Fe ratio of clinopyroxene. Boyd (1973) 
method temperatures for the Pipe 200 xenoliths are given in Table 1 
and are directly comparable with the data employed by Boyd (1973) 
to define the original version of the Lesotho geotherm. Wood 
and Banno (1973) derived a semi -empirical expression for correct- 
ing for the presence of Fe. Application of the Wood -Banno method 
to Pipe 200 Iherzolites gives temperatures which are 15° -150° C 
higher than those calculated by the Boyd (1973) method (Table I). 
However, as both the above Fe corrections are based on the Davis 
and Boyd (1966) solvus data. one must question the validity of 
the temperature estimates. 
Wells (1977) incorporating the recent experimental data of 
Nehru and Wyllie (1974). Mori and Green (1975. 1976). and 
Lindsley and Dixon (1976) has argued that the Wood -Banno cor- 
rection gives serious overestimates of temperature for Mg -rich com- 
positions at relatively low temperatures ( < 1.100° C). and has dev- 
ised a new semi- empirical Fe correction. Pressure effects upon 
the solvus are considered to be minimal and within the experimental 
errors in the original solvus determinations. Table 1 shows that 
Wells (1977) temperatures are 118 ° -143° C lower than those obtained 
by the Wood -Banno (1973) method. 
Mori and Green (1978) have investigated the solvus in a multi - 
component system by equilibration of natural mineral mixtures 
in the range 950 ° -1.500° Cat 30-40 kb pressure. Direct comparison 
between experimental mixtures and natural garnet Iherzolites of 
similar composition has indicated that previously determined PIT 
conditions of equilibration, mostly Wood -Banno method, are too 
high. and that the Lesotho geotherm should be located at much 
lower temperatures than those proposed by Boyd (1973). The data 
support Wells (1977) analysis of pyroxene geothermometry. Table 2 
gives temperatures of the Mori and Green (1978) and Mori (1976) 
experimental runs calculated by the Wells (1977) method. Agree- 
ment between the Wells temperature and the experimental tempera- 
ture is surprisingly good, the Wells values being on average about 
30° C below that temperature. Similarly calculation of Pipe 200 
lherzolite temperatures (Table I) using the Mori and Green (1978) 
solvus are about 30° C higher than those obtained by the Wells 
method. Mori and Green (1978) solvus temperatures are in general 
higher than the known experimental temperatures when these are 
calculated for their experimental runs (Table 2). 
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Table 2. Comparison of experimental and calculated temperatures and pressures of equilibration of natural garnet Iherzolites. Experimental 
data arc from Mori (1976) 
Experimental runs C2 T9 T8 T6 FF6 FF7 A7 XII X8 X6 DDI DD2 DD3 DD4 
T° 1.200 950 1.000 1,050 1.000 1.050 1,450 1,0(K) 1.100 1.200 1,100 1,200 1,250 1.300 
P kb 30 30 30 30 30 30 30 30 30 30 40 40 40 40 
Prro.vene . solvus 
T° C Wells (1977) 1.177 952 1.029 1,051 1.024 1.059 1.391 973 1.070 1.125 1,010 1, l 15 1.201 1.228 
P kb Wood (1974) 
No Cr correction 28.4 20.8 23.2 25.0 29.7 34.1 34.I 23.5 22.5 20.8 31.8 31.6 41.9 34.0 
P kb Wood (1974) 
Cr correction 26.5 21.6 24.2 24.6 30.6 35.0 34.0 23.6 21.9 18.7 30.0 30.0 42.9 32.0 
T° C Mori -Green (1978) 1.247 1.000 1.091 1.114 1.087 1.128 1.473 1.027 1.146 1.211 1.065 1.194 1.273 1.294 
P kb. Wood (1974) 
No Cr correction 31.6 13./ 26.1 28.0 33.0 37.8 37.5 26.2 25.9 24.3 34.8 35.6 45.8 37.1 
P kb Wood (1974) 
Cr correction 29.6 23.9 27.2 27.6 34.0 38.8 37.4 26.3 25.2 22.1 33.0 33.8 46.9 35.1 
It should be noted at this point that the Wood- Banno. Wells 
and Mori -Green temperatures in Tables I and 2 are calculated 
by assuming that all Fe is present as Fe-`. These estimates are 
minimum values. as consideration of stoichiometrically calculated 
values of Fe3- in the pyroxenes raises the temperature slightly 
(typically 10 ° -20° C). In addition the activity of the Mg2Si2O6 
component in both pyroxenes is calculated assuming ideal mixing 
of Fe and Mg at the MI and M2 sites. This is unlikely to be 
true as demonstrated by Virgo and Hafner (1969) but the errors 
introduced by this assumption are small compared to the errors 
inherent in the original solvus data. 
Róheim and Green (1974) demonstrated that the distribution 
coefficient KD = (Fe2 /Mg)gamet /(Fe' /Mg)cünop)roxene has poten- 
tial as a geothermometer for mantle derived rocks. Róheim and 
Green's (1974) calibrations were for basaltic compositions and are 
not strictly applicable to garnet lherzolites. In addition a significant 
pressure effect on KD was observed. Akella and Boyd (1974) and 
Mori and Green (1978) have calibrated this distribution coefficient 
for garnet Iherzolite compositions and noted that the pressure effect 
is much less pronounced than for basaltic compositions. Calculated 
KD temperatures for Pipe 200 lherzolites are 1,085 ° -1.185° C and 
996 ° -1.153° C (Table 1) by the Akella -Boyd (1974) and Mori -Green 
(1978) methods respectively. Both of these ranges are significantly 
higher than the Wells (1977) and Mori -Green (1978) solvus temper- 
atures. They are however maximum values for this method. as 
all Fe is calculated as Fe2`. Assuming that a small amount of 
Fe' is present in the natural assemblages and that the Fe3+ /Fe2+ 
ratio is higher in clinopyroxene than garnet, the calculated KD 
values are too low and the temperature is too high. Reduction 
of temperatures by as much as 100° C can be achieved by calculat- 
ing Fe3* on a stoichiometric basis. but this procedure has not 
been employed here as many of the analysed pyroxenes give unrea- 
sonably high Fe3+ /Fe2+ ratios. Carswell (1978) has noted that 
the Mg -Fe exchange reaction between pyroxene and garnet is prob- 
ably more sensitive as a geothermometer below 1,100° C than the 
pyroxene Ca -Mg exchange. However we caution that until the 
magnitude of the pressure effects on KD for Iherzolite compositions 
is known and reliable estimates of Fe' /Fe2+ ratios can be made. 
that temperatures obtained from the garnet -clinopyroxene ther- 
mometer are of doubtful reliability and certainly for the Pipe 200 
garnet lherzolites appear to be somewhat too high. 
In summary we conclude that the best estimates of equilibra- 
tion temperatures are probably those given by the Wells (1977) 
method and to a lesser degree those given by the Mori -Green 
(1978) solvus method. The close agreement between calculated tem- 
peratures for these two thermometers based upon different experi- 
ments is encouraging and indicates that earlier temperature esti- 
mates for lherzolites are too high. 
Geohuronutrr 
MacGregor (1974) showed that the solubility of potential garnet 
molecule in pyroxenes coexisting with garnet decreases with in- 
creasing P for a given temperature. Thus if a temperature estimate 
is available P may be calculated from the AI2O3 content of the 
pyroxenes. 
Boyd (1973) has used 'raw Al2O3' contents of orthopyroxenes 
together with MacGregor's (1974) data to establish equilibrium 
pressures for Lesotho xenoliths. However, experiments in more 
complex systems have indicated that the presence of other elements. 
especially Na. Cr. Fe and Ca profoundly effect the garnet -enstatite 
equilibria. These 'contaminating' elements in effect reduce the 
AI,O3 content of the orthopyroxene and direct application of Mac - 
Gregor's (1974) data leads to overestimation of pressures. 
Wood (1974) has derived a semi -empirical expression to correct 
for the more complex character of natural assemblages. Some idea 
of the effectiveness of the correction can be obtained by applying 
it to Mori and Green's (1978) laboratory equilibrated assemblages. 
Pressures calculated using Wells (1977) solvus temperatures are 
low relative to the known experimental pressure by up to 5 kb. 
with or without Cr corrections (Table 2). The overall effect of 
the Cr correction is generally, but not invariably, to reduce calcu- 
lated pressures relative to those calculated without the correction. 
as desired by Wood (1974). Pressures calculated using Mori and 
Green's (1978) solvus temperatures generally give much better 
agreement with the experimental values, those obtained without 
the Cr correction usually being closer to the actual values. Accord- 
ingly we feel that pressures calculated without the Wood (1974) 
Cr correction seem to be marginally superior to those calculated 
using it. at least for assemblages with these Cr /Cr +Al ratios. Ex- 
tension of this conclusion to other assemblages is problematical. 
The'Pipe 200 garnets are much richer in Cr (Cr/Cr + Al =12.4 -24.6) 
than the garnet in the Mori -Green (1978) experimental assemblages 
(Cr /Cr +A1 =3.5- 10.3), and we have as yet no way of assessing 
the validity of the Cr correction for such higher Cr rocks. 
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In summary we consider that no P estimate can he accepted 
unequivocally and cannot be until the garnet- orthopyroxene ba- 
rometer is calibrated for Cr -rich assemblages. 
We will however provisionally accept that Wood (1974) pres- 
sure estimates with no Cr correction deterined in conjunction with 
the hest temprature estimates, that is the Wells (1977) and Mori - 
Green (1978) solvus temperatures. give reasonable estimates of 
equilibration pressures with the provision that the pressures may 
be too low by several kilohars and also that a Cr correction in 
Cr -rich systems might reduce calculated pressures further. Hence 
we are unable to positively state whether the pressure estimates 
are either too high or too low. 
Our recommended PIT estimates for Pipe 200 Iherzolites using 
the Wells (1977) -Wood (1974) methods are: 
Garnet Iherzolite T° C= 907° 950° C (mean 937 °± 13° C). P 
kb =30.0 34.5 kh (mean 32.1 ± 1.5 kb): chromite Iherzolite T° C= 
873° 963° C. 
The single garnet pyroxenite (PTIi 210) equilibrated at 823° C 
and 14.4 kb (Wells /Wood) or 698° C and 8.9 kh (Mori -Green Kul 
Wood). The latter values are probably more realistic than the 
former for this bulk composition. 
Interpretive Models of Equilibration Data 
The calculated equilibration parameters for the Pipe 
200 xenoliths might be interpreted in terms of any 
of the following models. 
Model I 
The PIT data reflect conditions in the upper mantle 
but are artificially telescoped into a limited PIT range 
as a consequence of the nature of the geothermoba- 
rometers involved. As noted above equilibration tem- 
peratures can be reasonably well estimated to within 
± 50° C of the 'true' value. Pressure determinations 
are much less certain, in addition to experimental 
errors the estimates may be high or low by an un- 
known magnitude as corrections for the presence of 
other elements are not sufficiently well understood. 
Further the A1203 isopleths are sub -parallel to the 
theoretical shield geotherms over the critical range 
of interest. Mori and Green (1975) have noted that 
the clinopyroxene limb of the Fe -tree solvus is less 
markedly temperature dependent than previously 
thought, although this may not be true for more com- 
plex systems. These problems inherent in the methods 
can lead to 'telescoping' of the derived PIT values 
into artificially narrow limits. Moreover experimental 
studies have shown that the pyroxene solvus is rela- 
tively insensitive below 900° C. Fraser and Lawless 
(1978) have thus noted that because of the different 
blocking temperatures for diffusion that the two py- 
roxene geothermometer and the orthopyroxene-gar - 
net geobarometer may be out of phase with one an- 
other and generate spurious apparent geotherms. Only 
further experimental studies will resolve these prob- 
lems: 
'timid 2 
The PIT data recorded are the result of kimberlite - 
xenolith thermal interactions and have no relevance 
to the thermal history of the upper mantle. An assess- 
ment of the extent of kimberlite- xenolith interaction 
has not been previously attempted as it is assumed 
that such effects do not occur or at the most of minor 
importance. It is important to demonstrate that this 
assumption is correct because if it is not, then the 
whole concept of paleogeotherm determination using 
xenolith PIT data would be thrown into doubt. The 
problem can be considered to be one in which there 
is an interplay of three factors, (a) heat transfer. (b) 
mass transfer and (c) xenolith transport rates from 
the mantle in kimberlite. These factors are considered 
below. 
.I todel 3 
The PIT data record information relevant to the ther- 
mal history and stratigraphy of the upper mantle. 
Kimberlite- xenolith interactions are absent. This mo- 
del is further considered after discussion of Model 2. 
Model 2: Kimberlite -Xenolith Interactions 
Heat Transfer 
Mantle xenoliths incorporated into kimberlite will be 
subjected to heating by the magma. If the fraction 
of xenoliths is not too great the magma will possess 
enough heat to raise their temperature to that of the 
magma. Heat may also be supplied by the latent heat 
of crystallization of phases with which the magma 
is saturated e.g. the discrete nodule association of 
Boyd and Nixon (1975). Thermal effects can be deter- 
mined using equations derived for heat conduction 
in a sphere (Ingersoll et al. 1955) assuming that the 
xenoliths are approximately spherical and that the 
magma is not undergoing rapid cooling, this latter 
assumption being valid only for the magma whilst 
it remains at depth in the mantle. 
The temperature Tx( °C) at r cm from the center 
of a xenolith radius R cm after t seconds immersion 
in a magma at temperature Ts, is given by: 
Tx -Ts _2R 
To -Ts irr (siny e -x sin 2y 
e-4x 
+3sin3ye- 9x...) 
where y =irr /R and x= ir2xt /R2. To is the original 
temperature of the xenolith at time t =0 and i is 
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the thermal diffusivity, which here is taken to be 0.010 
(Goguel 1976). 
The effects for a xenolith of 100 cm radius are 
shown in Fig. I. This is a best case possibility with 
maximum difference between To and Ts. Xenoliths 
with greater To will heat up faster than those illus- 
trated in Fig. 1, which corresponds to the rise of a 
kimberitic magma at 1300° C up into the mantle 
where it incorporates xenoliths initially at a lower 
temperature. 1.300° C is taken as a reasonable ap- 
proximation of initial magma tempratures as Wyllie 
and Huang (1976) have shown that partial melting 
of carbonated mantle to give kimberlitic liquids can 
occur at 1.2500- 1300° C at 50 kb. Figure 1 shows 
that xenoliths will be essentially uneffected at their 
cores for times of up to 6 h and that a gradational 
'onion skin' temperature profile is developed around 
the core. This is particularly important as later shat- 
tering of large xenoliths would produce a series of 
small fragments recording this temperature profile, 
if chemical equilibration also occurs. Such a profile 
would be meaningless in terms of mantle PIT values. 
Figure 2 summarizes the times (t) taken for xenolith 
cores to reach 99% of the magma temperature (Ts). 
Core temperatures (Tc) are given by the relation 
(Ingersoll et al. 1955): 
Tc- Ts - 2(e- x- e- 4x -e -9x) where x =next R2. To-Ts 
Times to reach Ts are not given as the exponential 
terms in the equation for Tc result in extremely long 
times for 100% equilibration. 
Figure 2 indicates that all xenoliths 10 cm or less 
in radius. i.e. the typical size of xenoliths found in 
kimberlite will thermally equilibrate with the magma 
in 78 min or less. This conclusion being valid for 
all values of To from 800° C up to Ts. 
Clearly the above analysis indicates that thermal 
interactions between kimberlite and xenoliths can be 
profound, whether or not thermal equilibration also 
results in chemical equilibration is however proble- 
matical and depends upon diffusion rates between 
the xenolith minerals and the transport rates of xeno- 
liths to regions where low temperatures block diffu- 
sion. 
Mass Transfer 
Given that xenoliths can thermally equilibrate, will 
they chemically re- equilibrate? The simplest approach 
to the problem is to consider it to be one of lattice 
diffusion and to estimate the amount of diffusion 
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Fig. 1. Temperature profiles developed within a spherical xenolith 
(radius R =100 cm) as a function of time (hours) and distance 
(r cm) from the xenolith center. Initial temperatures of the xenolith 
and host magma assumed to be 800° C and 1.300° C respectively. 
x= thermal diffusivity 
XENOLITH RADIUS 
Fig. 2. Times required for spherical xenoliths (initially at 800° C) 
of up to 100 cm radius to thermally equilibrate to within 99% 
of the host magma temperature (1.300° C) 
xenolith is considered to be a sphere and that diffu- 
sion is induced by the temperature rise. Diffusion 
induced concentration profiles for a given grain can 
be determined using the relation (Crank 1957). 
C-Ci 2a ' (-1)" nrzR _x 
Cs-Ci 1+[]R nt n sin 
e 
Where X= Dn2x21 /AZ, Cs= surface concentration, 
Ci= initial concentration, R.-distance from center of 
a grain radius a cm C= concentration at R after t 
seconds. D= diffusion coefficient. Results for a grain 
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center 
Grain diameter a = 0.1 cm 
Fig. 3. Diffusion induced concentration profiles for spherical mine- 
ral grains. radius a cm. as a function of time and radial distance. 
R cm. from the grain center. D= diffusion coefficient 
that little diffusion occurs in times of up to 10 years 
for all reasonable values of volume diffusion coeffi- 
cients for mantle minerals (Hofmann and Hart 1978) 
and that a zone of diffusion about 20 pm thick will 
develop around grains in about 1 h. Similar conclu- 
sions can be arrived at using more complex diffusion 
models of the type given by Anderson and Buckley 
(1973). No large scale re- equilibration is implied in 
the diffusion models unless equilibration times are 
on the order of 1,000 years. times clearly not relevent 
to kimberlite intrusion times. 
Ideal diffusion models are. however, probably un- 
realistic as grain boundary and dislocation controlled 
diffusion can increase diffusion rates by a large factor. 
Experimental studies have demonstrated that the 
equilibration of mechanical mixtures of mantle min- 
erals (Mori and Green 1978: O'Hara et al. 1971) in 
the presence of small amounts of water proceeds very 
rapidly. Only 1 -24 h is required for the attainment 
of equilibrium. Similar rapid equilibration might be 
expected in nature as most xenoliths show evidence 
of alteration involving water e.g. kelyphitization, ser- 
pentinization, secondary phlogopite formation. 
Evidence from the xenolith populations have not 
been studied in detail from this viewpoint. Narrow 
zones of markely different composition to the bulk 
of the grain do not appear to be common, but such 
zones might easily be obscured by later serpentiniza- 
tion and kelyphitization. Such rims are found around 
clinopyroxenes but the origin of these might be more 
related to decompression than to kimberlite- xenolith 
interaction (Carswell et al. 1979). No zoned xenoliths 
of the type described by Wilshire and Jackson (1975) 
in basalts have been found in kimberlites. Heterogen- 
eity in such xenoliths can be ascribed to magma. 
xenolith re- equilibration of the type described by the 
thermal profiles given in Fig. I. Boyd and Finger 
(1975) have shown that intergrain compositional varia- 
tion in Lesotho xenoliths is very slight, however this 
result is to be expected if the xenoliths have undergone 
rapid and complete re- equilibration, and the observa- 
tion is not diagnostic of the origin of the homogeneity. 
Harte and Gurney (1975) have described from Mat - 
soku, lherzolites containing primary metasomatic 
minerals formed at depth in the mantle and have 
noted that 'extensive chemical equilibration with the 
host rock silicates was attained ' ( Harte and Gurney 
1975, p. 534) during this metasomatism. As Harte 
and Gurney (1975) consider that the source of the 
metasomatic fluids was perhaps the kimberlite itself, 
this would clearly imply that interaction with kimber- 
lite has occurred therefore that the PIT values given 
by the xenoliths are not necessarily those of the am- 
bient mantle. The small spread in the PIT data seen 
some xenolith suites may represent a 'mixing line' 
between mantle values and those of the magma. 
Transport Rates 
For thermal and chemical equilibration not to occur 
transport must be rapid if small xenoliths are not 
to be equilibrated. Pooling of the magma at any stage 
is not permissible. In terms of rise velocity profiles, 
kimberlite intrusion may be divided into three stages, 
(1) upper mantle -lower crust transit, (2) transit within 
the upper crust as dikes and (3) fluidized intrusion 
as diatremes. The mechanics of stages 2 and 3 are 
reasonably well understood but nothing is actually 
known about stage 1, the portion which is critical 
to understanding kimberlite- xenolith interactions. 
McGetchin (1968) has studied the problem by a fluid 
dynamics approach based upon the Bernoulli equa- 
tion. The method provides adequate treatment for 
stages 2 and 3 but is less acceptable for stage 1 for 
reasons outlined below. Table 3 gives approximate 
transport times averaged from McGetchin's (1968) 
velocity profiles. Case M is considered by McGetchin 
to provide a reasonable analogy to the Kimberley 
diatreme. An important result of the model is that 
ca. 97% of the total transport time is spent in the 
lower crust and mantle. Adiabatic cooling effects and 
rapid transport rates, if valid, indicate that thermal 
effects on xenoliths associated with stages 2 and 3 
will be minimal, in agreement with the well known 
lack of thermal effects associated with diatreme for- 
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Table 3. Average velocities and rise times for stages in kimberlite intrusion as calculated from McGetchins' (1968) model 
Model F Model M Model T 
Velocity 
range 
V Time Velocity 
range 
V Time Velocity 
range 
V Time 
Stage 3 (0 -1 km) diatremc 59 -222 I34 7s 318 -750 555 2 s 1.005 1.506 1.291 Is 
Stage 2 (1 10 km) dike 16- 59 34 5 min 76 -318 186 48s 392 1.005 673 13 s 
Stage 1 (10 -100 km)? 16- 0 12 125 min 76- 0 61 25 min 392- 0 259 6 min 
All velocities in meters per second. V = average velocity for each stage 
mation. However, fluidized emplacement times of less 
than 2 s would appear to us to be geologically improb- 
able. Flow in kimberlite dikes might be similar to 
that of CO2 -rich ultrabasic lamprophyres. Currie and 
Ferguson (1970) estimated flow rates of 20 m/s for 
such magmas, in agreement with McGetchin's (1968) 
estimated of 20 -60 m/s for the Moses Rock dike. 
McGetchin's model neglects lateral dike flow of any 
extent. Such flow might be significant in view of the 
tendency for kimberlites to be aligned along linear 
features over distances of tens of kilometers. Such 
travel would increase transport time and the opportu- 
nity for re- equilibration. 
During stage 1 of the ascent, McGetchin (1968) 
indicates that velocities are essentially uniform over 
a distance of 90 km. This conclusion is the result 
of considering the ascent to be analogous to flow 
of a Newtonian fluid in a pipe. As outlined below 
we feel that this approach may be incorrect, and will 
overestimate velocities, as a significant non- Newto- 
nian aspect may be involved in the early stages of 
the ascent. 
Kimberlites are considered to form at depths on 
the order of 150 km by small (1 -3 %) degrees of par - 
tial melting of garnet Iherzolite' (Mitchell and Brunfell 
1975; Wyllie and Huang 1976). The protokimberlite 
melt will be of small volume relative to the residual 
mantle (restite) which will be in thermal and chemical 
equilibrium with the liquid. Mitchell (1978) has postu- 
lated that the restite contains material derived from 
depths greater than 150 km, transported upwards by 
the diapiric flow which initiates magmatism, these 
xenoliths however do not record higher PIT values 
because of continual equilibration during slow diapir 
transport. Maximum teperatures recorded by xeno- 
liths might give an estimate of PIT at the time of 
melt segregation. Whether the restite will be trans- 
ported or not depends upon xenolith settling velocities 
relative to magma ascent velocities and during the 
initial stages as the liquid segregates into a larger 
volume, from the restite, one might expect a consider- 
able loss of xenoliths. This may be one reason for 
the rarity of high temperature xenoliths of the kind 
found at Thaba Putsoa (Boyd 1973). At first the mix- 
ture of liquid plus restite will be a slurry showing 
transport characteristics which change from settling 
to non -settling as the magma accelerates away from 
the parent diapir. The high proportion of solid to 
liquid will give the flow non -Newtonian rheological 
properties (Holland 1973). In such a flow regime 
McGetchin's (1968) analysis is not valid. Transport 
rates for non -Newtonian flow are lower than 
predicted for Newtonian fluids, and at the same time 
a higher proportion of solid can be carried as the 
non -Newtonian characteristics alter the transport 
properties of the matrix fluid. Hence for example, 
the presence of large numbers of xenoliths in a magma 
does not necessarily imply a high flow rate. Sparks 
et al. (1977) have previously demonstrated how these 
concepts apply to xenoliths in basalts, and that calcu- 
lated velocities can differ by up to factors of forty. 
As the kimberlite ascends, elutriation may occur 
and new material (true xenoliths) may be added, 
plucked from the conduit walls. Eventually as the 
fluid phase expands in the upper portion of the mantle 
the flow regime will change to one of compressible 
Newtonian flow and enter stage 2 of the intrusion 
sequence. 
Numerical analysis of the above model is beyond 
the scope of this paper and in any case is fraught 
with difficulties, as for example we have no idea of 
the geometry or method of propogation of the con- 
duit, whether the magma flow is in discrete pulses 
or is continuous and what is the ratio of non- Newto- 
nian slurry transport to Newtonian turbulent flow. 
The former may persist to high levels as evidenced 
by intrusions which contain a very high proportion 
of xenoliths to liquid e.g. West Greenland, Matosku, 
Roberts Victor. The xenolith population in any intru- 
sion maybe affected by conduit wall- induced eddies 
and Magnus effects which might trap the xenoliths 
at depth or concentrate them in the center of the 
conduit respectively. Significant amounts of xenolith 
sorting may occur in the mantle depending upon the 
ascent velocities and the rheological chracteristics of 
the kimberlite magma. 
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In summary, transport rates of xenoliths are likely 
to be very rapid in the upper crust but we can only 
place very broad limits on mantle transit times. These 
may be as short as 25 min, McGetchin's (1968) ' hest 
estimate' to as long as several hours as indicated 
by the preservation of diamond and coesite (Smyth 
and Hatton 1977) in kimberlite. McCallister et al.'s 
(1979) study of pyroxene exsolution microstructures 
indicates transit times below a maximum of 15 h. 
The above discussion indicates that the bulk of 
the xenolith load is likely to thermally equilibrate 
with the kimberlite host magma. However, the 
predicted rates of diffusion are too low for any signifi- 
cant mass transfer and chemical re- equilibration to 
occur during the short transport times. Laboratory 
studies indicate that where a fluid phase is present 
diffusion rates are greatly increased and that chemical 
re- equilibration might occur within times commensu- 
rate with the transport times. However whether these 
experiments involving finely ground materials can he 
extrapolated to coarse grained xenoliths is question- 
able. Xenolith suites which exhibit extensive metaso- 
matie effects and give a limited range of equilibration 
PIT might be suspected of having undergone re- equili- 
bration with kimberlite, but we cannot conclusively 
assess whether or not this has occurred until further 
experiments utilizing coarse grained materials have 
been undertaken. 
In summary it appears that the assumption that 
xenolith suites retain information regarding the ther- 
mal history of the mantle is correct, despite the xeno- 
liths being heated to the temperature of the kimberlite 
magma during transport through the mantle. The PIT 
data for the Pipe 200 xenolith suite is therefore inter- 
preted according to.model 3 below. 
Model 3: Thermal and Stratigraphie Inferences 
From Pipe 200 Xenoliths 
Thermal 1ntc rences 
Pressures and temperatures of equilibration of Pipe 
200 xenoliths based upon the Wells -Wood method 
with no Cr correction are plotted in Fig. 4. No high 
temperature -high pressure xenoliths of the Thaba- 
Putsoa type are present and there is no indication 
of a perturbed geotherm, i.e. an array of data points 
defining a PIT trend at a high angle to a reasonable 
steady state shield geotherm. The Pipe 200 Iherzolites 
have PIT values similar to those of other Lesotho 
granular lherzolites (Fig. 4 and see below) and plot 
above the steady state shield geotherms of Clark and 












Fig. 4. Temperatures (wells. 1977) and pressures (Wood 1974. no 
Cr correction) of equilibration of Lesotho garnet lherzolites relative 
to .ome theoretical continental geotherms. Data sources arc us 
follows: Pipe 200 (Carswell et al. 1979). Mothae. Thaba Pulsoa 
(Nixon and Boyd 1973). Matsoku. (Cox et al. 1973). Mothae dia- 
mond-bearing Iherzolite 81)2125 (Dawson and Smith 1975). Curve 
.-l. -1 is O'Hara et al's (1971) spinel to garnet Iherzolite phase transi- 
tion for Cr -poor assemblages. Conduction -related geotherms -curve 
F (42 mWm -2). Clarke and Ringwood (1964). curves B 
(50 mWm -2) and E (40 mWm -2), Pollack and Chapman (1977). 
Convection- related geotherms - curves C (44 mWm 2) and D 
(40 mWm -2). Gurney and Harte (in press). Curve -G is an extrapo- 
lation of the Lesotho lower crustal geotherm of Griffin et al. (1979). 
Diamond -graphite univariant (Kennedy and Kennedy 1976) 
for heat flows of 42 mWm- 2 and 40 mWm-2 respec- 
tively. The PIT values falling at these positions rela- 
tive to these geotherms supports our use of Wells 
geothermometry as use of the Wood -Banno method 
results in many of the Lesotho xenoliths plotting at 
PIT values below these shield geotherms. As these 
steady state geotherms can be considered to define 
the locus of points of minimum P and- T for the 
upper mantle, any magmatism associated with either 
convection or diapirism should raise local mantle PIT 
values above these minimum values. Figure 4 als9 
includes geotherms constructed by Gurney and Harte 
(in press) for convecting mantle as described by Harte 
(1978). The Pipe 200 data are compatible with a point 
on the 44 mWm -2 convection -related geotherm. The 
Pipe 200 data also plot below an extension of a lower 
crustal geotherm defined by Griffin et al. (1979) using 
PIT data derived from lower crustal eclogites and 
granulites found in N. Lesotho (including Pipe 200). 
Use of Wood's (1974) Cr correction shifts some of 
the data points onto this geotherm but the majority 
remain below it. The lherzolites are evidently not re- 
cording the same thermal events as the lower crustal 
xenoliths. In fact there is no a priori reason whY 
the two should be compatible as the lower crustal 
xenoliths may be recording pre -kimberlite events, par- 
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ticularly as they are unlikely to have re- equilibriated 
with the kimbcrlite during transport. Both xenolith 
suites do however demonstrate that the mantle be- 
neath N. Lesotho had been disturbed to temperatures 
above those defined by steady state geotherms during 
the Cretaceous, in keeping with diapiric models of 
magmatism. 
Sucuigrahhic Inferences 
The P/T conditions of equilibration of the garnet 
lherzolites indicate derivation from depths of 
90 110 km. a surprisingly narrow depth range. but 
ill agreement with data obtained for other Lesotho 
kimberlites (see below). Use of Wood's (1974) Cr 
correction does not substantially widen this depth 
range e.g. 75 -110 km. 
MacGregor (1970) showed that the stability of 
garnet in the mantle is dependent upon the whole 
rock Cr /Cr +Al ratio. Rocks with high Cr /Cr +Al 
require higher pressures to stabilize garnet than those 
with lower Cr /Cr +AI. Thus at a given pressure and 
temperature in the mantle the whole rock Cr /Cr +Al 
determines whether the garnet Iherzolite or chro- 
mite Iherzolite assemblage is stable. At Pipe 200 lher- 
zolites with similar bulk composition (Cr /Cr +Al= 
0.15 -0.25) fall into two groups with chromite lherzo- 
lites having in general lower equilibration tempera- 
tures than the garnet lherzolites (Table 1). This is 
also a point in favour of there being no major kimber- 
lite- xenolith interactions in the Pipe 200 suite as heat- 
ing of the xenoliths in the kimberlite might bring 
them into the chromite Iherzolite stability field and 
give higher temperatures of equilibration. Whether 
or not this would occur would however depend upon 
the pressure drop during transport and the slope of 
the reaction boundary for the garnet to chromite Iher- 
zolite transition. both of which are unknown. This 
effect might be the origin of the secondary spinels 
and pyroxenes associated with the kelyphitic coronas 
around garnets, although other origins such as de- 
compression can also be advocated for these assem- 
blages (Carswell et al. 1979). 
Pressures cannot be determined for the chromite 
lherzolites but lower temperatures might imply lower 
pressures of equilibration and thus derivation from 
slightly higher levels in the mantle than the garnet 
lherzolites of similar Cr /Cr +Al (e.g., ca. 70 -90 km). 
In this suite of xenoliths we may in fact be recording 
PIT conditions close to those of the chromite to gar- 
net Iherzolite reaction boundary for these composi- 
tions. 
The chromite lherzolites (and harzburgites) which 
form a highly depleted assemblage with higher Cr/ 
Cr +Al and Mg /Mg +Fe ratios than the garnet lher- 
zolites give similar temperatures of equilibration to 
these latter rocks. If the similar temperatures imply 
similar depths of origin then the absence of garnet 
in these more depleted assemblages is a bulk compo- 
sitional effect of the type described by MacGregor 
(1970), the pressure not being high enough to stabilize 
garnet. Derivation of these contrasting lherzolites 
from similar levels, implies that the mantle is hetero- 
geneous over short vertical distances. 
Xenoliths derived from higher levels in the mantle 
are rare in the Pipe 200 suite and we have recognized 
only 2 in a suite of over 30 ultramafic xenoliths. 
a garnet websterite (PTH 210) and a spinel harzbur- 
gite (PTH 201). 
The garnet websterite has similar Mg/Mg+ Fe ra- 
tios to other Pipe 200 ultramafic xenoliths but is richer 
in Al2O3, CaO and Na2O and has a lower Cr /Cr +Al 
ratio (Carswell et al. 1979). This difference in bulk 
composition makes determination of P/T values prob- 
lematical. The Wells -Wood method gives 823° C at 
14.4 kb, the Mori -Green (KD) -Wood method 698° C 
at 8.9 kb with no Cr corrections. Both sets of PIT 
data indicate derivation from significantly higher le- 
vels than the bulk of the xenolith suite. Although 
the P estimates can at best be regarded as being only 
approximate. we consider that the KD temperature 
estimate for this bulk composition may be reasonable 
and implies, as this estimate is a maximum value, 
a crustal derivation for this websterite. This further 
emphasizes the differences between PTH 210 and gar- 
net websterites of upper mantle origin found in the 
Matosku kimberlite (Gurney et al. 1975: Carswell 
et al. 1979). 
Sample PTH 201 is a primary aluminous spinel 
harzburgite. No P/T estimate can be determined eas- 
ily for this xenolith but we believe that it was derived 
from relatively shallow depths in the mantle as 
O'Hara et al. (1971) have determined that a narrow 
zone of spinel Iherzolite is to be expected at the top 
of the mantle for relatively undepleted lherzolites with 
low Cr /Cr +Al ratios (0.09 -0.13). Such aluminous 
spinel -bearing peridotites are scarce amongst the Le- 
sotho xenolith suites but have been noted also at 
Lipelang and Ngopoetsu. With reference to curve A 
on Fig. 4 and a crude equilibration temperature of 
650° -800° C for PTH 201 based upon the Al2O3 con- 
tent of orthopyroxene and the equilibrium constant 
for the reaction, opx+ spinel= olivine+ opx (Obata 
1976) it seems probably that this xenolith is likely 
to have been derived from depths of less than 50 km. 
In summary, the Pipe 200 kimberlite has sampled 
a very limited suite of possible mantle material, the 
bulk being derived from a narrow depth range of 
90-110 km. The data are sufficient to construct only 
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a sketchy upper mantle stratigraphy in which signifi- 
cant compositional heterogeneity over a limited depth 
range is evident. The mantle sampled is a complex 
mixture of chromite and garnet Iherzolites of varying 
degrees of depletion. 
Conipurisnn With Other Lesotho Xenolith Suites 
The Thaba -Putsoa and Mothae pipes are similar in 
containing a bimodal suite of xenoliths. a high tem- 
perature ( l.055 °- 1.375° C) relatively Fe -rich group of 
porphyroclastic Iherzolites and a low temperature 
group (888 ° -983° C) of relatively Fe -poor granular 
Iherzolites. The high temperature group appear to 
have been derived from greater depths than the granu- 
lar group and plot on Fig. 4 well above the 
42 mWm -- and 40 mWni-2 steady state geotherms. 
This group of data defines the inflected portion 
of Boyd and Nixon's (1975) perturbed geotherm. The 
Thaba Putsoa bimodal suite can however be inter- 
preted to be samples derived from two points on 
the geotherms reflecting higher heat flows i.e. 
45 -50 mWm' (Pollack and Chapmann 1977) or 
greater than 44 mWm- Z (Gurney and Harte. in 
press). In this interpretation no inflection in the geo- 
therm is required. The Mothae granular samples have 
however equilibrated at somewhat higher T and P 
than the Thaba Putsoa granular samples and at PIT 
values close those of the 42 mWm -' shield geotherm 
of Clark and Ringwood (1964). The Mothae suite 
includes a diamond- bearing garnet lherzolite (Daw- 
son and Smith 1975) which gives Wells -Wood PIT 
values well outside of the diamond stability field 
(Fig. 4). This might be construed to indicate that our 
PIT estimates are low and unrealistic. However if 
the lherzolite were originally derived from depths at 
which diamond was thermodynamically stable but has 
subsequently been carried to higher levels in the man- 
tle by diapiric action at a rate such that silicate re- 
equilibration was not inhibited, then we would not 
expect the PIT estimates to reflect those at which 
the diamond gew. Here diamond may persist meta - 
stably, not having a co- existing C- bearing phase to 
re- equilibrate rapidly with and so invert to graphite. 
The Thaba Putsoa suite of granular textured ]her - 
zolites has equilibrated at similar PIT to the Pipe 
200 suite, implying similar depths of origin (Fig. 4) 
and again limited sampling of the mantle. The Pipe 
200 assemblage is however more depleted than the 
Thaba Putsoa (and Mothae) assemblages as evidenced 
by the garnets and clinopyroxenes at Pipe 200 being 
richer in Cr and also in the occurrence of the extre- 
mely depleted chromite harzburgites. Thaba Putsoa 
granular Iherzolites also contain primary chromites 
similar in composition to those found in the Pipe 
200 Iherzolites (Carswell et al. 1979). 
Xenoliths in the Matsoku kimberlite comprise a 
suite of garnet Iherzolites similar to those found at 
Pipe 200 together with a group of relatively Fe -rich 
garnet websterites which appear to represent cumu- 
lates which have equilibrated within the mantle (Gar- 
ner et al. 1975). The garnet Iherzolites have equili- 
brated at 903° 1 ,050° C at 31.7 -41.2 kb and plot on 
Fig. 4 close to the Clark and Ringwood geotherm 
at PIT values similar to those of the Mothae samples. 
Matsoku lherzolites include both granular and por- 
phyroclastic types hut no distinction between types 
can he made on the basis of the PIT of equilibration 
(Gurney et al. 1975). The Iherzolites have equilibrated 
at slightly greater PIT than the Pipe 200 suite and 
are not as depleted (Gurney et al. 1975; Carswell et al. 
1979). Many of the Matosku xenoliths in addition 
show evidence of infiltration metasomatism which 
involved extensive re- equilibration of all phases 
within the mantle (Gurney and Harte, in press). 
Nature of the Upper Mantle Beneath 
Northern Lesotho 
Individual kimberlite pipes. as shown above, each 
present us with a unique suite of xenoliths both in 
terms of their degrees of depletion and PIT of equili- 
bration. In some cases a bi -modal population of xeno- 
liths is evident. Samples representative of the upper 
portions of the mantle appear to be scarce and the 
bulk of the xenolith suites are comprised of chromite 
and garnet Iherzolites together with lesser amounts 
of garnet websterite, eclogite and chromite harzbur- 
gite and rare spinet harzburgite and dunite (Boyd 
and Nixon 1975; Gurney et al. 1975; Carswell et al. 
1979). The different suites found in each pipe indicate 
that the upper mantle is heterogeneous both laterally 
and vertically on a scale of tens of kilometers. A 
simple stratigraphy in which 'spinet lherzolite' over- 
lies garnet lherzolite is certainly not present. Because 
of the heterogeneity plus the apparent limited depth 
range represented in the xenolith suites it would not 
seem possible to construct an upper mantle strati- 
graphy except in the most general terms. 
The above conclusions highlight two problems in 
determining the upper mantle stratigraphy, why are 
samples confined to an apparently limited depth range 
and why are xenoliths from the uppermost mantle 
so poorly represented in the xenolith suites? Both 
of these problems may be artifacts of our methods 
of determining the PIT values as noted above. The 
choice of geothermometer is critical in this record, 
as the pressures calculated and hence depths of deriva- 
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tion are very strongly dependent upon the equilibra- 
tion temperature chosen. This effect is well illustrated 
by the upper mantle models based upon the Davis - 
Boyd (1966) and Wood -Banno (1973) versions of the 
pyroxene solvus e.g., Boyd and Nixon (1975) and 
Dawson (1977). In these models a very large apparent 
gap in the upper mantle succession from the Moho 
to 125 -150 km depth occurs. If one accepts the PIT 
estimates one then has to account for the failure to 
recognize garnet -bearing Iherzolites of any shallower 
origin both in Pipe 200 and other kimberlite pipes 
on a world wide basis. A conventional explanation 
is to argue that the uppermost 80 -90 km of the mantle 
has a highly depleted composition and consists of 
dunites and harzhurgites for which it is impossible 
to assign PIT values by existing methods. Such xeno- 
liths do indeed occur in kimberlites. but they are 
rare. This should not be the case if such materials 
form the major part of mantle on the ascent path 
of the kimberlite as implied by such mantle models. 
Some of the dunites sampled (Boyd and Nixon 1975) 
do not fit a depleted model of this type being relatively 
iron rich and in fact appearing to be cumulates. More- 
over in cases such as are found at Pipe 200 where 
scarce clinopyroxene can be found in the depleted 
xenoliths, the temperatures determined indicate a 
deep origin for these rocks and the very similar clino- 
pyroxene -free xenoliths. 
Use of Wells -Wood geothermobarometry does not 
eliminate these problems, only the magnitude of the 
apparent gap is much reduced, i.e. to about 30 km 
from 80 -100 km. As noted above the solvus geother- 
mometer and the garnet -orthopyroxene geobarometer 
may not be in phase at these temperatures and correc- 
tion for these effects and the presence of Cr might 
reduce the gap even further. 
However failing the above explanations of the ap- 
parent stratigrahic gap one must consider that either 
the mechanical behaviour of xenoliths varies with 
depth and /or paragenesis or that kimberlites habi- 
tually sample the mantle selectively. We can think 
of no valid grounds for proposing that spinel harzbur- 
gites and Iherzolites should behave mechanically dif- 
ferently to garnet Iherzolites during transport. 
Though if the former materials were comminuted dur- 
ing transport it would be very difficult to recognize 
them in the final consolidated kimberlite. Selective 
sampling is perhaps the better alternative but it is 
difficult to envisage why a kimberlitic magma should 
extensively sample deeper mantle material, fail to 
sample the uppermost mantle and then sample the 
lower crust. Such selective sampling might imply dras- 
tic changes in the flow regime and /or nature of the 
conduit. Kimberlites in the uppermost mantle might 
for example traverse 'swept conduits' utilized by 
many batches of magma, and fail to pick up any 
xenoliths in these regions. 
With regard to the thermal nature of the mantle 
beneath N. Lesotho we consider that the PIT values 
recorded in the xenoliths reflect thermal events in 
the mantle. The data do not however neccessarily 
define geotherms as advocated by Boyd and Nixon 
(1975). Mitchell (1978) has proposed that the high 
temperature xenolith suite, which defines the inflected 
portion of the Boyd and Nixon (1975) perturbed geo- 
therm, records a transient pseudogeotherm generated 
in response to the thermal effects of a rising diapir. 
Similar interpretations have also been recently ad- 
vanced by Gurney and Harte (in press). The diapir 
is considered to be parental to the kimberlite and 
the high temperature xenolith suite to be made up 
of material derived from two sources. the thermal 
aureole around the diapir above the point of kimber- 
lite segretation. ca. 150 km. (i.e.. true xenoliths) and 
diapir material which has partially melted to form 
kimberlite plus a residual lherzolite (i.e., restite). This 
latter population of xenoliths is considered to have 
been derived from depths greater than 150 km and 
to have been carried up to higher levels by diapiric 
action. We have proposed above that the Mothae 
diamond- bearing lherzolite has also been transported 
upwards by diapiric action and has re- equilibrated 
in terms of its silicate mineralogy to a P/T characteris- 
tic of depths much less than those of its actual depth 
of origin. A similar process might be advocated for 
all the low temperature suites of xenoliths and they 
may represent assemblages which are the integrated 
result of many episodes of diapirism and magmatism, 
hence the lateral and vertical heterogeneity and vari- 
ety of textural types. This juxtaposition of a variety 
of Iherzolites may have occurred as a part of the 
general evolution of the mantle throughout geological 
time prior to the onset of the kimberlite magmatism 
which removed them from the mantle. The tempera- 
tures recorded however are probably associated with 
the last major thermal episode which affected this 
portion of the matte i.e. the Jurassic Karroo volcan- 
ism, and we are seeing in the xenolith PIT values 
points along the thermal decay curve towards the 
steady state heat flow values sampled by Cretaceous 
kimberlite magmatism. The similar temperatures 
found in S. Africa and Lesotho for these low tempera- 
ture xenoliths are to be expected as the time scale 
for re- equilibration processes are sufficient to allow 
continual equilibration as the heat flow declines. The 
thermal aureole associated with the diapir which ini- 
tiated kimberlite magmatism in this model is not con- 
sidered to extend to levels in the mantle from which 
the low temperature xenoliths were derived (Mitchell 
1978). 
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Our interpretation of the sub -continental mantle 
as a dynamic and heterogeneous system throws doubt 
upon the details of models of the sub -continental 
mantle as presented by Jordan (1978) in which the 
' paleogeotherms' recorded in the xenolith suites are 
considered to he representative of the present day 
geotherms and especially in view of our predilection 
towards lower equilibration temperatures than used 
by Jordan (1978). 
Conclusions 
I . Previous estimates of the temperatures of equilibra- 
tion of mantle -derived xenoliths are too high. espe- 
cially in the light of the equilibration experiments 
of Mori and Green (1978). This conclusion requires 
that the geotherms of Boyd and Nixon (1975) he 
substantially revised. 
2. All pressure estimates are subject to consider- 
able uncertainties in view of the possible lack of equi- 
librium between the solvus geothermometer and the 
garnet -orthopyroxene geobarometer and the uncer- 
tain nature of the corrections to be made for the 
presence of minor elements in the natural assem- 
blages. 
3. The PIT data can be interpreted to be (a) an 
artifact of the methods Of derivation and of little 
geological significance. (b) the result of kimberlite- 
xenolith thermal interactions or (c) to present thermal 
and stratigraphie information with regard to the na- 
ture of the upper mantle. No one of these three alter- 
natives can be accepted unequivocally. Components 
of all three may play a role in determining the range 
of PIT values found for a given xenolith suite. 
4. The upper mantle beneath N. Lesotho is proba- 
bly laterally and vertically heterogeneous and consists 
essentially of chromite and garnet lherzolites of varying 
degrees of depletion in basaltic components with les- 
ser amounts of eclogite. garnet websterite and harz- 
burgite. Carswell et al. (1979) have also demonstrated 
that the upper mantle beneath N. Lesotho is consider- 
ably more depleted than the mantle beneath the Kim- 
berley area, S. Africa and the Lashaine area, Tanza- 
nia. This higher degree of depletion accounts for the 
scarcity of aluminous spinel lherzolites in the Leso- 
thon xenolith suites. Their place is taken instead by 
chromite harzbugites. 
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Geothermometry of Garnet Lherzolite Nodules with Special Reference 
to Those from the Kimberlites of Northern Lesotho 
D.A. Carswell and F.G.F. Gibb 
Department of Geolog. I'nixersit of Sheffield. \tappin Street. Sheffield. SI 3.1n. United Kingdom 
Abstract. Different published geothermometric meth- 
ods have been tested on a large suite of garnet lherzo- 
lite nodule: from the kimherlite. of Northern Le- 
sotho. Comparison of the various calculated equili- 
bration temperature estimates indicates that several 
of these methods yield unreliable results and should 
therefore be rejected. However. there is little to choose 
between the values obtained from five other methods 
based on three different element exchange reactions. 
Accordingly we conclude that the petrogenesis of gar- 
net lherzolite nodules is best discussed with reference 
to the mean temperature estimates derived from these 
five preferred methods. The late Cretaceous palaeo- 
geotherni for Northern Lesotho is revised on this 
basis and found to be of a similar form to previous 
estimates but is significantly displaced to higher tem- 
peratures. 
Introduction 
Estimation of equilibration temperatures for garnet 
lherzolite nodules is crucial to the evaluation of their 
equilibration pressures and hence to deducing the 
depths of derivation of such nodules and ultimately 
to the construction of models for the stratigraphy 
of the upper mantle (see for example Boyd 1973; 
Nixon et al. 1973; Dawson et al. 1975; Mitchell et al. 
1980). 
Most early equilibration temperature estimates for 
such nodules (e.g., O'Hara 1967; Boyd 1973; Carswell 
1974) were obtained by some variant of the two py- 
roxene solvus geothermometer based on the experi- 
mental data of Boyd and Schairer (1964) and /or Davis 
and Boyd (1966) for the simple system Mg2Si2O6- 
Reprint requests to: D.A. Carswell 
CaNigSi,O6. More recently the experimental calibra- 
tion of the two pyroxene solvus has been refined 
,Nehru and \\'Ilie 1974: Mori and Green 1975: 
Lindsley and Dixon 1976) and semi- empirical ex- 
trapolations of the experimental data for the simple 
enstatite-diopside system have been developed (Wood 
and Banno 1973; Wells 1977) in an attempt to take 
account of the more complex chemistry of natural 
coexisting pyroxenes. Furthermore the size of the 
miscibility gap for coexisting pyroxenes in simulated 
natural garnet lherzolite assemblages has been experi- 
mentally evaluated by Mori and Green (1978) over 
the temperature range 950 ° -1.500° C between 30 and 
40 kbars pressure. 
Additional mineralogical thermometers applicable 
to garnet lherzolite assemblages are provided by the 
experimentally based calibrations (in some cases in- 
volving thermodynamic extrapolation of data for ap- 
propriate simple chemical systems) which have been 
published in the last few years for partitioning of 
Fe' and Mg-- between various mineral pairs 
(Raheim and Green 1974; Mori and Green 1978: 
Ellis and Green 1979; Ganguly 1979: Saxena 1979; 
O'Neill and Wood 1979). for partitioning of AI" and 
Cr between coexisting pyroxenes (Mysen 1976). and 
for Ca- Mg exchange reactions in garnet- clinopyrox- 
ene- orthopyroxene assemblages (Powell 1978). 
There are. therefore, several mineralogical geo- 
thermometers (including a number of different cali- 
brations for some of these) applicable to the garnet - 
two pyroxenes- olivine assemblages of garnet lherzo- 
lite nodules. Unfortunately some of these have only 
been tested by their originators on a limited number 
of selected samples or over restricted ranges of bulk 
composition, temperature and pressure. Because of 
this and the not infrequent large inconsistencies in 
the results obtained from the different geother- 
mometers and calibrations it has become necessary 
to evaluate the various methods to try to assess which 
0010- 7999/80/0074/0403/S02.80 
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Two pyroxene solvus K,,: Fe-- -Mg'' partitioning between Garnets 
and Clinopyroxenes 
Wood Wells' Mori Raheim Mori Ellis Ganguly Saxena 
and Banno and Green' and Green and Green' and Green' 
PHN 1595 T 
P 
PHN 1567 T 
P 
PHN 1592 T 
P 
PIIN 1570 T 
P 
PHN 1573 T 
P 
PHN 1569 T 
P 
PHN 1568 T 
P 
PHN 1572 T 
P 
PHN 1917 T 
P 
PHN I559B T 
P 
PHN 1597° T 
P 
PHN 1596° T 
P 
PHN 1566" T 
P 
PHN 1610° T 
P 
PHN 1611' T 
P 
PHN 1925° T 
P 
PHN 1924° T 
P 
E 3° T 
P 
PHN 1591' T 
P 
PHN 2001" T 
P 
PHN 1582" T 
P 
BD 2125` T 
P 
1.023 889 901 943 804 906 987 807 
34.8 27.3 28.0 30.4 22.6 28.3 32.8 22.7 
1.050 920 936 1.074 884 956 1.040 866 
37.8 30.4 31.3 39.2 28.3 32.4 37.3 27.3 
1.054 923 938 1.176 953 1.017 L097 925 
38.0 30.5 31.4 45.0 32.2 35.9 40.5 30.7 
L065 938 956 998 830 903 999 798 
38.8 31.5 32.6 35.0 25.3 29.5 35.0 23.5 
1.071 942 960 988 843 968 L025 909 
36.9 29.8 30.7 . 32.3 24.2 31.2 34.4 27.9 
L112 964 969 L020 828 942 L016 845 
43.3 34.6 35.0 38.0 26.7 33.4 37.7 27.7 
L065 933 948 1,188 983 L070 1.030 1.025 
36.8 29.4 30.3 43.7 32.2 37.1 40.4 34.5 
1.066 940 958 1.281 1.024 1.096 1.163 1.072 
38.5 31.3 32.4 50.7 36.1 40.2 44.0 38.8 
1,108 983 1.004 1.284 973 1,066 1,136 1.025 
45.4 37.8 39.0 56.0 37.2 42.8 47.0 40.4 
1,057 937 960 1.278 994 1,084 L149 1.065 
40.2 33.1 34.5 53.2 36.5 41.8 45.6 40.7 
1,396 1,375 1.476 1.872 1.444 1.413 1.452 918 
53.6 52.4 58.0 79.6 56.2 54.5 56.7 27.4 
1.394 1.370 1.467 1.855 
. 
1.455 1.415 1.455 941 
52.3 51.0 56.2 77.2 55.6 53.4 55.6 27.9 
1.360 1,353 1.467 1.763 1.392 1.373 1.415 1.040 
50.7 50.4 56.7 72.6 52.5 51.5 53.7 33.4 
1.335 1.330 1.447 1.791 1.412 1.383 1,426 1.155 
49.2 49.0 55.3 74.0 53.4 51.8 54.2 39.5 
1.325 1.315 1.428 1.762 1.382 1.356 1.406 1.143 
49.4 48.8 55.0 73.2 52.5 51.0 53.8 39.4 
L320 1.273 1.354 1.898 1.457 1.410 1,457 1.188 
49.5 47.0 51.4 81.2 57.0 54.4 57.0 42.3 
1,313 1.258 1.332 1.893 1.436 7,411 1.452 1,235 
50.1 47.1 51.2 82.3 56.9 55.6 57.8 45.8 
1,327 1,264 1.332 1.624 1.279 1,293 1,344 1,109 
50.9 47.2 50.9 67.0 48.0 48.7 51.5 38.6 
1,312 1.245 1,309 1.614 1.232 1,301 1,335 1,201 
52.5 48.6 52.3 69.7 47.9 51.8 53.8 46.2 
1.258 1,194 1.260 1.791 1,311 1,338 1,385 1,328 
50.8 47.0 50.9 81.7 53.9 55.4 58.1 54.8 
1,109 1,055 1.130 1.410 1,086 1,128 1,207 1,246 
42.3 39.1 43.5 59.9 41.0 43.4 48.1 50.3 
1,111 988 1,010 1,262 975 1,053 1,128 995 
44.3 37.0 38.3 53.3 36.2 40.9 45.3 37.4 
Preferred methods 
b Sheared texture 
` Diamond bearing 
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Kgr. - Ni'P Ph ;: . !%,2 kuvP.i ccP, . Mean of Mean of 
10 methods S preferred 
methods' 
Powell O'Neill Mysen All except 
and Wood' Powell 
718 854 912 903 871 
12.9 '5.4 28.6 28.1 26.3 
are most likely to yield reliable, and hence geologi- 
cally meaningful, results. In this paper we seek to 
do this by testing all the methods together using a 
large set of published analytical data. 
Geothermometers and Barometers Employed 
701 883 874 948 916 We 
have chosen to use the published compositions of the minerals 
7.8 '8.3 27.7 3' l) 1( I in the garnet Iherzolite nodules from the Thalia Pu:soa. Mothae. 
Letseng. Pipe 200 and Matsoku kimherlite diatremes in northern 
666 864 887 983 939 Lesotho as test data. in part because of the particularly wide range - 1.2 27.2 38.5 35.0 31.4 of equilibration temperatures indicated for these nodules by earlier 
735 910 886 928 907 studies (Boyd 1973: Boyd and Nixon 1975) hut also to sec whether 
11.6 29.9 28.5 31.0 29.8 consideration of alternative temperature estimates confirms or re- 
futes the suggestion by these authors that the Late Cretaceous 
709 98 924 943 901 palaeogcotherm in the upper mantle beneath northern Lesotho was 
16.2 21.7 28.7 19.8 17.5 significantly inflected. The mineral compositions used to calculate 
710 937 878 951 928 the equilibration temperature/pressure estimates for these nodules 
14.0 33.1 29.6 33.9 31.6 as listed in Table I were taken from Carswell and Dawson 1970: 
Nixon and Boyd 1973: ('ox et al. 1973: Deo.Sor and Smith 1975: 
646 X19 975 1.015 913 Bishop et al. 1978: and Carswell et al. 1979. The actual tempera - 
-0.2 23.6 31.8 31.0 30.5 tureipressure values were calculated by a FORTRAN program 
671 92I 1.0'_4 1.054 988 NOD\1INS 2 which we have developed for the purpose. 
- 17.6 30.2 36.1 37.5 34.0 With the exception of the paired pressure (P) temperature (T) 
values derived by simultaneous solution of the two P -T dependent 
757 1.056 881 1.052 1.016 exchange reaction equations proposed by Powell (1978). all the 
3.4 42.2 31.7 42.0 39.8 other tabulated T values are coupled with P values determined 
735 992 872 1.039 993 by employing equation (12) of Wood (1974) for garnet-orthopyrox- 
0.9 36.4 29.3 39.1 36.5 ene equilibria. Since in our view the Wood (1974) geobarometer 
1.489 1.502 1.153 1.400 1.442 
does not adequately take account of the influence of varying Cr/ 
40.2 59.4 40.3 53.8 56.1 
(Cr+ Al) ratios on garnet- orthopyroxene equilibria vve have serious 
doubts about the accuracy of these P estimates (Carswell et al. 
1.487 L526 1.098 1.398 1.447 1979: Carswell and Gibb 1980: Carswell 1980). In those cases 
40.6 59.4 36.3 52.5 55.1 where the element partition relationships concerned are recognised 
1.429 1370 981 1.351 1.391 to be both temperature and pressure dependent (namely the Ellis 
38.7 51.3 30.2 50.3 52.5 
and Green 1979: Raheim and Green 1974: Ganguly 1979: Saxena 
1979: and O'Neill and Wood 1979. methods) and the appropriate 
1.439 1.375 1.074 1.373 1.389 equation is solved simultaneously with that of Wood (1974). any 
40.5 51.4 35.0 51.1 _ 52.2 errors in the P estimates are carried through into the T estimates 
1.461 1.299 L083 1.350 1.356 and vice- versa. In the other cases where the geothermometer em- 
41.7 47.9 36.1 50.7 51.0 ployed was taken to he independent of pressure (namely the Wells 
1977: Wood and Banno 1973: Mori and Green 1978: and Mysen 
1.500 1.344 1.063 1.376 1.368 1976. methods) the P values were calculated after the T values 
51.7 50.8 35.5 52.6 52.2 hence errors in Tmay affect P but not vice -versa. These possible 
1.460 1.355 1.009 1.369 1.358 sources of error must he borne in mind when attempting to assess 
50.4 52.4 33.3 53.2 52.6 the validity of the various T (and PI estimates in both absolute 
and relative terms. 
1.387 1.321 1.012 1.291 1.298 We have applied the thermodynamically formulated equations 
44.5 50.3 33.2 48.7 49.0 of Powell (1978) for Ca - Mg exchange reactions in garnet- orthopy- 
1.240 1.3'_3 998 1.287 L282 roxene- clinopyroxene assemblages to these nodules in the hope 
33.5 53.8 34.6 51.1 50.9 that they might provide an independent check on the P/T estimates 
1.427 1.372 1.042 1,328 1.295 
obtained from the various geothermometers in combination with 
63.6 57.4 38.3 54.8 52.9 
the Wood (1974) geobarometer. Simultaneous solution of Powell's 
(1978) equations yields reasonably consistent and realistic P/T val- 
- 14.801 1 :046 885 1,130 1.089 ues for most of the higher temperature nodules (the sheared tex- 
-2.120.4 . 38.6 29.2 43.5 41.1 tured nodules of Nixon and Boyd 1973) - the ludicrous values 
749 1.128 886 1,054 1.031 
for nodule PHN 1582 (Table I) being due, we suspect. to an analyti- 
- l.0 45.3 30.9 40.9 39.5 cal error in the clinopyroxene. However, for the coarse granular textured garnet Iherzolite nodules this method yields T values 
which. in comparison with those obtained by all the other methods 
(Table I) clearly seem too low and are coupled with unrealistically 
low (in several cases negative) P values. Indeed even nodule PHN 
1592, one of the two samples which Powell used to test his method, 
yields a negative P estimate when one actually calculates the P/T 
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PTH 400 T 1.050 932 
P 37.9 31.1 
PTH 403 T 1.066 946 
P 36.6 30.0 
PTH 404 T 1.074 950 
P 39.9 32.8 
PTH 405 T 1.059 934 
P 39.9 32.6 
PTH 407 T 1.055 929 
P 38.2 31.0 
PTH 409 T 1.034 907 
P 37.6 30.3 
PTH 410 T 1.070 946 
P 39.3 32.2 
LBM 9 T 1,093 974 
P 44.6 37.4 
LBM 11 T 1,095 976 
P 39.4 32.7 
LBM 16' T 1,116 999 
$ P 40.7 34.1 
BD 1355 T 1.135 1.015 
ó P 46.5 39.4 
2 BD 1359 T 1.062 943 
P 36.8 32.0 
BD 1355` T 1.063 933 
P 41.8 34.1 
BD 1356` T 1 .158 1.050 
P 47.6 41.2 
BD1870/2 T 922 836 
P 33.6 28.4 
Mori 
and Green" 
K0: Fe'' - Mg" partitioning between Garnets 
and Clinopyroxenes 
Raheim Mori Ellis Ganguly Saxena 



















1.233 996 1,104 1.153 1,042 
47.8 34.3 40.4 43.2 36.9 
1.362 1.037 1.163 1,203 1,155 
58.9 39.7 47.2 49.5 46.7 
1.421 1.109 1.159 1.226 1.181 
59.2 41.2 44.1 48.0 45,4 
1.358 1.100 1.230 1.246 1.223 
52.9 38.5 45.7 46.6 45.3 
1.312 1.032 1.143 1.188 1.096 
53.6 37.5 43.9 46.5 41.2 
1.435 1.097 1.159 1.225 1.160 
61.8 42.1 45.7 49.6 45.7 
1.299 1,031 1.128 1,179 1,099 
52.2 36.9 42.4 45.4 40.8 
1,511 1.153 1,261 1.290 1,285 
65.2 44.5 50.8 52.4 52.2 
1,448 1.122 1,181 1.242 1,158 















1.488 1.090 1,153 1.226 1,205 
68.5 44.4 48.2 52.6 51.3 
1,362 1.086 1.130 1.202 1,136 
54.5 38.9 41.4 45.5 41.7 
1.592 1.229 1.246 1.310 1.309 
67.6 47.1 48.1 51.7 51.6 
1.217 938 1.001 1.090 930 
51.5 34.7 38.5 43.9 34.2 
1.483 1.143 1.165 1.244 1.207 
63.1 43.5 44.8 49.3 47.2 
1.052 836 908 1,008 810 
41.2 21.8 32.6 38.5 26.7 
1.217 940 1.011 1,096 904 
5I.1 34.6 38.9 43.9 32.4 
881 
31.1 
1.142 891 943 1,045 902 
47.0 31.8 34.9 41.0 32.4 
Preferred methods 
Flaser texture 
Wet chemical analyses of mineral separates with analytically determined Fee' and Fe3+ values 
intersection of the two Powell reaction equations (cf. Fig. 4 of 
Powell 1978). Problems with Powell's proposed method probably 
arise because in many cases it is not possible to ascertain the 
necessary site occupancies (in particular the ratio of Ca /Mg in 
the M2 sites in the orthopyroxenes) with adequate precision. Thus 
as this method does not yield realistic PIT values for the majority 
of the nodules considered in this paper, it cannot be regarded 
as generally applicable and will not be considered further here. 
In another attempt to obtain alternative P estimates we have 
tried using Equation (3) of Herzberg (1978) for garnet-clinopyrox- 
ene equilibria. With the Wells (1977) T estimates this equation 
gives geologically reasonable P values in the range 30-55 kbars 
for the majority of lower temperature nodules but unrealistic pres- 
sures up to 222 kbars for the higher temperature nodules. Simulta- 
neous solution of this Herzberg (1978) equation with that of Ellis 
and Green (1979) yields realistic PIT values for only a handful 
of lower temperature nodules and improbably high values for the 
rest. We therefore conclude that the geobarometer of Herzberg 
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cm cr' vr. t{c, -sir 
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780 943 901 1.036 992 
12.0 31.3 28.9 36.5 34.1 
721 970 937 1.081 1.017 
4.2 35.7 33.7 42.3 38.5 
659 984 944 1.096 1.028 
- 14.5 34.1 31.8 40.5 36.6 
653 964 8711 1.097 1.042 
- 4.5 31.0 25.7 38.3 35.3 
746 910 869 1.055 1.001 
4.4 30.4 28.1 38.8 35.7 
443 923 905 1.085 1.013 
- 48.1 32.0 30.9 41.4 37.2 
689 949 883 1.050 997 
- 2.1 32.2 28.4 38.0 34.9 
519 982 879 1.123 1.046 
- 27.9 34.6 28.7 42.8 38.3 
426 964 889 1.099 1.036 
- 51.8 33.2 28.9 41.0 37.4 
626 920 892 1.104 1.027 
- 26.2 34.1 32.4 45.2 40.6 
470 893 891 1.077 1.017 
- 46.5 28.0 
- 780 866 
- 259.2 36.6 
27.9 38.4 35.0 
913 1.161 1.073 
29.2 43.2 38.3 
746 1.105 874 1.034 1.020 
- 1.7 44.8 30.9 40.5 39.7 
363 987 952 1.115 1.041 
- 68.6 34.5 32.5 41.7 37.6 
860 - 850 934 907 
- 8.5 29.1 34.1 32.5 
-443 917 1.042 1.021 
-201.0 33.2 40.7 39.4 
681 805 935 930 871 
- 17.2 26.5 34.4 34.1 30.5 
is only of limited use in the present context and, despite the reserva- 
tions expressed above, we have no option at present but to rely 
upon the garnet -orthopyroxene geobarometer, in particular as for- 
mulated by Wood (1974). 
To aid evaluation of the various geothermometers we have 
computed statistical correlations between the sets of T values ob- 
tained by each of the methods for the nodule suite. Correlation 
coefficients, intercepts and slopes for the results from each of the 
methods versus each of the other methods plus the average of 
ten of the methods (all except that of Powell) and the average 
of five 'superior' (sec below) methods are presented in Table 2. 
The best correlations between results of individual methods are 
those between the two pyroxene geothermometer of Mori and 
Green and that of O'Neill and Wood and between the methods 
of Ganguly and Ellis and Green. It would seem at first glance 
to he a simple matter to select from Table 2 as the most probably 
reliable methods. those which consistently give correlation coeffi- 
cients and slopes close to 1.0 and low intercepts but the statistical 
data can he misleading. For example. the method of Ganguly 
looks particularly good against the average of ten methods. hut. 
as can he seen from Fig. I g. the actual temperatures tend to he 
consistently high by some 100° C: conversely the Mori and Green 
KI) method does not appear to he particularly good when compared 
with the average of ten (Table 2) hut this is because the relatively 
high slope of the line produces big discrepancies at temperatures 
above I.400- C and below 900' C whereat within the range appli- 
cable to the garnet Iherzolite nodules the correlation is very good 
(see below and Fig. I e). Also. it is self evident that methods based 
on the same or similar chemical /mineralogical parameters will tend 
to yield better correlation coefficients than those utilising different 
approaches. In view of this latter factor the good correlation he- 
tsseen the results obtained by the method of O'Neill and \\ ood 
and those from the two pyroxene geothermometer of Mori and 
Green seems noteworthy. 
In order to further evaluate the relative merits of the various 
geothermometers we have plotted the temperatures obtained by 
each of the methods. other than that of Powell (1978). against 
the mean value given by all ten methods in Fie. I. In the light 
of this (and the discussion below) we have then plotted in Fig. 2 
the T values yielded by each of the five methods we consider 
'superior' against the mean values from these methods. 
The rationale behind our evaluation. namely that the mean 
of a set of independently arrived at results is more 'correct' than 
any individual result. may be unjustified. It is conceivable that 
one of the methods is correct and the rest in error but there 
is no evidence (Fig. I) that this is the case over the temperature 
range in question. Consequently. we have elected to seek a concen- 
sus' result using a number of different methods and refining it 
by eliminating any method which consistently yields values depart- 
ing significantly from the mean. 
Evaluation of the Temperature Estimates 
(a) Geothermometers Based 
on the Two-Prro.\'ene Solrus 
Experimental studies of the simple system 
Mg2Si2O6- CaMgSi2O6 (Boyd and Schairer 1964; 
Davis and Boyd 1966; Nehru and Wyllie 1974; Mori 
and Green 1975; Lindsley and Dixon 1976) have 
shown that the two pyroxene solvus should provide 
a sensitive geothermometer above about 900° C. Pres- 
sure effects upon the solvus are minimal at low tem- 
peratures, but may become significant above 
1,200° C. More serious errors are likely to arise in 
extrapolating the solvus data for the simple system 
to the chemically more complex natural pyroxenes. 
The presence of Fe has a particularly important effect 
on the extent of solid solution between coexisting 
pyroxenes (Lindsley and Munoz 1969; Ross et al. 
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Table 2. Correlations between the individual geothermometers and averages (The three values under each entry are the correlation 




Mori Raheim Mori Ellis 
and and and and 
Green 21'X. Green Green K Green 














Raheim and 0.817 0.836 0.839 
Green 639 361 267 
0.4 0.5 0.6 
Mori and 0.843 0.861 0.866 
Green K,. 572 271 159 
0.5 0.7 0.8 
Ellis and 0.795 0.814 0.816 
Green 440 90 -55 
0.6 0.8 1.0 
Ganguly 0.807 0.827 0.830 
329 -64 -242 
0.7 0.9 1.1 
Saxena 0.164 0.198 0.205 
995 813 800 
0.1 0.2 0.3 
Powell 0.595 0.590 0.582 
O'Neill and 
Wood 
1.041 913 932 
0.1 0.2 0.2 
0.942 0.951 0.947 
561 266 162 














0.622 0.578 0.650 0.635 
172 283 416 552 




0.475 0.464 0.449 0.096 
973 1.055 1.125 1.086 
0.2 0.1 0.1 0.0 
0.844 0.851 0.820 0.836 0.204 0.679 
255 279 527 620 932 -1.056 
1.1 0.8 0.6 0.6 0.1 1.7 
0.826 0.830 0.755 
-44 -574 -854 -1.144 
1.3' 1.7 2.1 2.7 




336 -50 -221 
0.7 1.0 1.2 
0.953 0.970 0.970 
426 75 -70 
0.7 0.9 1.1 
0.786 0.736 0.730 0.171 0.o06 0.785 
-792 -270 -83 756 -3.405 -968 
2.0 1.5 1.4 0.3 4.4 2.1 
0.977 0.982 0.965 0.972 0.514 0.523 0.921 0.814 
- 580 -323 31 174 505 -1.411 -381 480 
1.8 1.3 1.0 0.9 0.5 1.9 1.3 0.4 
0.938 0.952 0.924 0.933 0.383 0.579 0.958 0.831 
- 207 -67 255 370 713 -1.270 - 198 543 
1.5 1.1 0.8 0.8 0.3 1.9 I 2 0.4 
1973). Significant amounts of Na and Al probably 
also affect the solvus relationships (Akella 1976: Mori 
1977) but these effects have not yet been fully quanti- 
fied. 
We can compare three sets of T values calculated 
from the three alternative equations which have been 
derived for the two pyroxene solvus geothermometer. 
That of Wood and Banno (1973) involves a semi - 
empirical extrapolation of the Davis and Boyd (1966) 
solvus data to take account of the effect of Fe on 
the solvus, whilst that of Wells (1977) has been de- 
rived in a similar fashion but provides a best fit cali- 
bration of both the Davis and Boyd (1966) data and 
the later solvus data of Nehru and Wyllie (1974), 
Mori and Green (1975), and Lindsley and Dixon 
(1976). On the other hand the Mori and Green (1978) 
calibration is based on their own experimental deter- 
mination of the two pyroxene solvus in simulated 
garnet lherzolite compositions, including some natu- 
ral mineral mixes, over the ranges 950 ° -1.500° C and 
30-40 kbars. It does not, however, incorporate any 
correction factor for Fe and is thus strictly only appli- 
cable to assemblages containing orthopyroxenes with 
Fe /(Fe +Mg) ratios between 0.04 and 0.13. 
From these considerations and comparison of 
Fig. 1 a -c, it is clear that the Wells (1977) and Mori 
and Green (1978) equations are superior to the earlier 
one of Wood and Banno (1973) which overestimates 
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and erroneously bunches together the T values for 
the apparent lower temperature group of nodules. 
This is because it is now known that the diopside 
arm of the solvus is much steeper below about 
1,200° C than allowed for by Wood and Banno (1973). 
There is little to choose between the other two equa- 
tions although on balance we judge that of Mori 
and Green (1978) to be marginally superior for these 
garnet lherzolites. The main differences are in the 
higher temperature group of nodules for which the 
Mori and Green (1978) equation appears to overesti- 
mate the temperatures slightly, probably because it 
does not allow for the effect of Fe on the miscibility 
relationships in these relatively more iron -rich nod- 
ules. By contrast the Wells (1977) equation appears 
to somewhat underestimate the temperatures for this 
group of nodules probably because it fails to allow 
for the predicted P effect (see for example Fig. 3 of 
Lindsley and Dixon 1976) on the solvus at such high 
pressures and temperatures. 
(b) Geothernrometers Based on Fee+ -Á1g2+ Partition- 
ing Between Coexisting Garnets and Clinoprroxenes 
The partition coefficient K0= (Fe2 + /Mg2 -)Gnt/ 
(Fe2 + /Mg2 - )cp., is strongly temperature dependent 
and hence provides an extremely useful and sensitive 
geothermometer for eclogite facies assemblages (Ban - 
no 1970; Mysen and Heier 1972). Ritheim and Green 
(1974) suggested that KD was, however, more marked- 
ly pressure dependent than predicted by Banno (1970) 
from thermodynamic considerations for equilibria in 
simple systems. On the other hand, Mori and Green 
(1978), in their experimental study of phase equilibria 
in both synthetic ultramafic compositions and natural 
mineral mixes, were unable to detect any significant 
pressure effect on KD between 30 and 40 kbars. This 
conflict has. however, recently been resolved by the 
experimental data of Ellis and Green (1979) which 
demonstrate that the Ráheim and Green (1974) P -T 
calibration of KD overestimates the pressure effect 
on KD due to comparison of data at differing pressures 
for garnets with widely different Ca contents, which 
reflect non -ideal Ca- Mg substitutions in both garnet 
and clinopyroxene. The revised Ellis and Green (1979) 
calibration thus expresses KD as a function of T, P 
and the Ca content of the garnet and appears to 
provide a satisfactory geothermometer for garnet -cli- 
nopyroxene pairs in a wide range of rock composi- 
tions. 
In a different approach to deriving a practical 
KD geothermometer, Ganguly (1979) has integrated 
the appropriate available thermodynamic mixing data 
with thermochemical and selected earlier experimen- 
tal data to produce an equation which expresses KD 
as a function of T. P and the Ca and Mn contents 
of the garnet. Saxena (1979) has extended this ap- 
proach to also take into account the effect of Na 
in the clinopyroxene on Kn. 
Temperature estimates calculated from the five 
different available KD equations are listed in Table 1. 
The KD values used assume total Fe as Fee+ in both 
garnets and clinopyroxenes in all cases except nodules 
BD 1355 and BD 1356 for which FeO values have 
been determined in analysed mineral separates. Com- 
parison of the various temperature values and of 
Fig. I d -h demonstrate that the Ellis and Green (1979) 
and Mori and Green (1978) K0 equations yield more 
satisfactory T values for these garnet lherzolites than 
the other three equations. The Róheim and Green 
(1974) equation. as might be expected from the pre- 
ceding comments, progressively overestimates the 
temperatures for the nodules which equilibrated at 
the higher P/Tconditions - the garnets in these partic- 
ular nodules having only a limited range of Ca con- 
tents. The Ganguly (1979) equation also appears to 
consistently overestimate the equilibration tempera- 
tures for these nodules although not so dramatically, 
whilst the Saxena (1979) equation yields erratic results 
which are perhaps not too unreasonable for many 
of the lower temperature group of nodules, but are 
clearly anomalously low for the group of porphyro- 
clastic textured nodules, which according to all the 
preferred estimates have equilibrated at the highest 
temperatures. We therefore conclude that neither of 
the last two KD methods yields reliable T estimates 
for these garnet lherzolite nodules. 
There appears to be little to choose between the 
T values obtained from the Ellis and Green (1979) 
and Mori and Green (1978) KD equations although 
Fig. 2f does indicate that the former tends to yield 
T values which for the majority of these nodules are 
somewhat higher than the mean of the five preferred 
T values. The T values obtained from the Mori and 
Green (1978) equation (Fig. 2e) span a rather wider 
temperature range and might superficially appear to 
be better. However, it should be remembered that 
this particular equation does not include a term to 
allow for the influence of pressure on KD, hence is 
only really valid over the 30-40 kbars range. It just 
so happens that many of these garnet Iherzolite nod- 
ules have probably equilibrated within or at least close 
to this pressure range. 
The wide range of equilibration temperatures indi- 
cated for these garnet lherzolites by both of the pre- 
ferred KD equations appears to refute the suggestion 
by Fraser and Lawless (1978) that in such nodules 
Fee+ Mg2+ exchange between pyroxenes and garnet 
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Fig. 1 a -j. Equilibration temperature values calculated from each 












is effectively blocked below - 1,100° C whilst lower 
temperatures continue to be monitored by Ca- Mg 
exchange between co- existing pyroxenes. Indeed pet- 
rographic and experimental evidence indicates that 
on the contrary KD values provide a more sensitive 
geothermometer in the lower part of the temperature 
range of interest than does the two pyroxene solvus 
(Carswell 1978). 
1200 1400 
T°C(mean of 10) 
of ten different geothermometric methods plotted against the mean 
It should be appreciated that all T estimates de- 
rived from the KD geothermometer may be in serious 
error if KD values are calculated from electron micro- 
probe data or any other mineral analyses which do 
not quantify the amounts of Fe' and Fe' (see, 
for example, Carswell and Gibb 1980; Carswell and 
Griffin, in press). Determination of Fee + /(Fe2 ++ 
Fe') ratios in mineral separates of garnets and 
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clinopyroxenes in garnet lherzolites (Carswell and 
Dawson 1970 and unpublished data) indicates that 
although Fe' contents in these minerals are fairly 
low, they are generally higher in clinopyroxenes than 
in coexisting garnets. Hence KD values which assume 
all Fe as Fe' are in effect minimum values and 
hence yield T estimates which can be expected to 
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The minerals in almost all of the garnet lherzolite 
nodules considered here were analysed by electron 
microprobe and hence Fez+ /(Fez+ +Fe3 +) ratios 
have not been determined. Thus all the T values de- 
rived from the KD geothermometer which are plotted 
in Figs. 1 and 2 assume total Fe and Fez +. However, 
for comparison T values are also tabulated for two 
garnet lherzolite nodules for which wet chemical anal- 
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Fig. 2. Equilibration temperature values from each of the five geothermometric methods judged to give 'superior' results for these 
garnet lherzolite nodules. plotted against the mean temperature values obtained from these five preferred methods 
yses including separate FeO and Fe2O3 'values for 
mineral separates are available. It is apparent that 
the higher KD values obtained from these analyses 
result in T values from the preferred Ellis and Green 
(1979) and Mori and Green (1978) equations which 
are roughly 100° C lower than those based on the 
assumption of all Fe as Fe' in both garnets and 
clinopyroxenes. This could well account for the fact 
that the Ellis and Green (1979) Kp equation, on the 
assumption of all Fe as Fe', yields T values for 
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the majority of the nodules which are on the high 
side of the mean preferred T values. 
Unfortunately, it does not appear to be possible 
to overcome the problem of the lack of analytical 
data on the Fee + /(Fe2 + + Fe' ) ratios in the garnets 
and clinopyroxenes by calculating the Fe' and Fe' 
values on the basis of charge balance in the structural 
formulae. Attempts to do so result in unreasonably 
low Fee + /(Fe2+ + Fe' ) ratios for the clinopyroxenes 
in many garnet Iherzolite nodules, when compared 
with the ratios in rocks for which Fe' and Fe' 
data are available from mineral analyses. 
(e) Geothermometer Based 
on Fee+ - Mg2+ Partitioning Between 
Coexisting Garnets and Olivines 
Fee+ -Mg2+ partitioning between garnets and oli- 
vines, as expressed by the partition coefficient 
é` ñ' °i=(Fe2+ /Mg2 +)Gnt /(Fez+ 
/Mg2 
+)o'. is not as 
temperature sensitive as that between garnets and cli- 
nopyroxenes (Mori and Green 1978). However. with 
this partition coefficient the effects of variable Fe 
oxidation state and of Al substitution on the activities 
of components in the clinopyroxenes which compli- 
cate the use of the KD geothermometer are essentially 
avoided. O'Neill and Wood (1979) have provided an 
experimental calibration of K Fe_ ßg1 as a function of 
T, P, the Ca content of the garnet, and the Fe /(Fe+ 
Mg) ratio of the phases. 
We have calculated T estimates for the suite of 
garnet lherzolites using the appropriately corrected 
versions (O'Neill and Wood 1980) of Eqs. (26) and 
(27) of O'Neill and Wood (1979) in a reiterative simul- 
taneous solution with the geobarometric equation of 
Wood (1974). The tabulated results are reasonably 
in line with those obtained from the preferred equa- 
tions for the two pyroxene solvus and the KD geother- 
mometers (see Figs. 1 and 2). They span a slightly 
wider temperature range than that indicated by the 
other preferred geothermometric methods but are nei- 
ther consistently higher nor lower than the mean of 
all five preferred T estimates. The scatter about the 
mean may well simply reflect the relatively low tem- 
perature sensitivity of the KF ̀_ Mg' partition coeffi- 
cient especially at the higher temperatures. 
(d) Geothermometer Based on A/VI - Cr Partitioning 
Between Coexisting Pyroxenes 
Mysen (1976) has presented an experimental calibra- 
tion of Al" - Cr partitioning between coexisting py- 
roxenes which provides a potential geothermometer 
for garnet Iherzolite assemblages. However, this yields 
T values which for the majority of nodules are clearly 
too low (Fig. I j) especially for those nodules which 
equilibrated at the highest temperatures. The T values 
which we have calculated from this geothermometer 
assume that Al" Total Al /2. The clinopyroxenes in 
particular almost certainly have Al" > Ally, but un- 
fortunately Al"/(Alv' +Al'v) ratios calculated from 
the structural formulae are extremely sensitive to even 
small errors in the SiO2 analyses and thus yield highly 
variable ;cc partition coefficients. We therefore 
conclude that uncertainty over the Al" /(Al " -l-Al" y) 
ratios in the pyroxenes in these nodules prohibits sat- 
isfactory evaluation of this particular geothermometer 
and is also likely to restrict its usefulness in practice. 
(e) Conclusions 
In the light of the preceding analysis of the T estimates 
obtained by the various geothermometric methods 
for the suite of garnet lherzolites from the kimberlites 
of northern Lesotho, we consider that the most reli- 
able T estimates are those obtained from the Wells 
(1977) and Mori and Green (1978) equations for the 
two pyroxene solvus geothermometer, the Ellis and 
Green (1979) and Mori and Green (1978) equations 
for the KD geothermometer, and the O'Neill and 
Wood (1979) equation for the KFe_ -m°' geother- 
mometer. We do not feel that there are grounds for 
selecting any one of these five preferred geothermo- 
metric methods as being superior to the others when 
applied to garnet Iherzolite assemblages. Rather we 
conclude that it is preferable to evaluate the equilibra- 
tion conditions of such nodules on the basis of the 
mean result from the five 'superior' methods for the 
following reasons: 
(a) the relative sensitivities of the individual geother- 
mometers vary in different parts of the temperature 
range of interest; 
(b) the various partition coefficients used are depen- 
dent to differing degrees on pressure and hence any 
errors in the pressure estimate will differentially affect 
the temperatures yielded by the individual methods; 
(c) Fee + /(Fe2 + +Fe') ratios in the minerals are gen- 
erally unknown and the inaccuracies in considering 
all Fe as Fe' will result in errors of different magni- 
tudes in the temperatures yielded by the various meth- 
ods. 
The fact that five different methods based as they 
are on three different element partition relationships, 
yield reasonably close temperature values for the ma- 
jority of the nodules encourages us to the view that 
414 D.A. C'arasell 
our approach is justified and to think that the 5- 
method mean temperature valves should be sufficient- 
ly accurate to be geologically meaningful. 
The Late Cretaceous Geotherm for Northern Lesotho 
The preferred mean T estimate for each garnet lherzo- 
lite nodule (taken together with its paired mean P 
estimate) is plotted in Fig. 3, where the relationship 
of these PIT estimates to various postulated geo- 
therms and key experimentally determined reaction 
curves can he assessed. All the estimates lie well within 
the garnet lherzolite stability field (Green and 
Ringwood 1967: O'Hara et al. 1971) but in a PIT 
band which although it extends into the diamond 
stability field for the highest temperature nodules is 
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earlier PIT estimates used by Boyd (1973) to define 
the late Cretaceous 'pyroxene geotherm' for the up- 
per mantle beneath Lesotho. Nevertheless, as with 
these earlier PIT estimates, our new ones for this 
suite of nodules likewise fall into two groups - those 
in the higher temperature group all being for nodules 
with strikingly deformed fabrics from the Thaba Put - 
soa and Mothae pipes. However, the apparent corre- 
lation between deformation and equilibration temper- 
ature amongst the garnet Iherzolite nodules from 
these particular pipes (Boyd and Nixon 1975) does 
not hold elsewhere (Harte et al. 1975: Dawson et al. 
1975) - not even in the nearby Matsoku pipe. 
On Fig. 3 our P /Testimates for the lower tempera- 
ture group of nodules plot close to, but slightly above. 
the predicted Precambrian shield geotherm of Clark 
and Ringwood (1964) whilst the higher temperature 
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Fig. 3. PIT diagram showing the positions of our 'best' P/T estimates (as discussed in the text) for these garnet lherzolite nodules 
relative to various key mineral reaction curves and proposed geotherms. Crosses are for the sheared nodules from the Thaba Putsoa 
and Mothae pipes and the triangular symbol for the diamond bearing nodule BD 2125. The solid lines defining the PIT stability fields 
for various lherzolite assemblage types and the solidus curve are from Green and Ringwood (1967). whilst curve B is the experimentally 
determined spinet lherzolite ±garnet Iherzolite reaction boundary of O'Hara et al. (1971). The alternative graphite -°diantond inversion 
curves(a. h) are from Bundy et al. (1961) and Kennedy and Kennedy (1976). respectively. The Precambrian shield geotherm is from 
Clark and Ringwood (1964), the pyroxene geotherm from Boyd (1973), whilst the Lesotho geotherm is drawn to be broadly compatible 
with our P/T estimates for the garnet lherzolite nodules and 'best' estimates (stippled field covers one standard deviation about the 
mean) of the equilibration conditions for garnet granulite and garnet websterite nodules of suggested lower crustal origin (Carswell 
and Griffin, in press) 
D.A. Carswell and F.G.F. Gihh: Gcothermomctry of Garnet Lhcrzolite Nodules 
therm. Superficially this could be taken as confirma- 
tion of the earlier suggestions of Boyd (1973) and 
Boyd and Nixon (1975) that the upper mantle geo- 
therm beneath northern Lesotho was significantly in- 
flected at the time of kimberlite emplacement. How- 
ever, as discussed by Mitchell et al. (1980) uncertainty 
exists as to whether the PIT estimates for mantle 
derived nodules in kimberlite do in fact define a 
palaeogeotherm which reflects the ambient conditions 
in the upper mantle at the time of kimberlite emplace- 
ment. Inaccuracies in the equilibration pressure esti- 
mates derived from the garnet -orthopyroxene geo- 
barometer (as discussed earlier), possible lack of equi- 
librium between the geothermometers and geobaro- 
meters employed (Fraser and Lawless 1978), or kim- 
berlite- nodule thermal interactions (Mitchell et al. 
1980) could all result in the PIT estimates producing 
a spurious geotherm. Alternatively the PIT values 
recorded in such nodules, especially for the high tern - 
perature group, may simply reflect a transient geoth- 
erm generated in response to the localised thermal 
effects of a rising mantle diapir immediately prior 
to kimberlite eruption (Green and Gueguen 1974). 
With these considerations in mind we feel that our 
new PIT estimates for these garnet Iherzolite nodules 
do not unequivocally confirm or refute the existence 
of a significant inflection in the late Cretaceous pa- 
laeogeotherm and have therefore drawn (Fig. 3) alter- 
native projections of the Lesotho geotherm for depths 
> 130 km. 
We do, however, have sufficient confidence in our 
preferred equilibration temperature estimates for 
these nodules to conclude that, especially when taken 
together with the PIT estimates for nodules of lower 
crustal derivation from the same kimberlites (Griffin 
et al. 1979; Carswell and Griffin, in press), they 
indicate that the late Cretaceous palaegeotherm be- 
neath northern Lesotho was appreciably steeper than 
implied by the ' pyroxene geotherm' of Boyd (1973) 
and somewhat steeper than the shield geotherm of 
Clark and Ringwood (1964) (see also discussion in 
Carswell et al. 1979; Griffin et al. 1979). The only 
independent check which we have on the accuracy 
of the pressure estimates for these nodules is provided 
by the existence of diamond in nodule BD 2125 (Daw- 
son and Smith 1975). Our equilibration pressure esti- 
mate (Table 1) for this nodule falls 5.5 kbars below 
the diamond stability field as defined by Kennedy 
and Kennedy (1976) but lies within the error brackets 
on the diamond -graphite equilibrium boundary as 
determined by Bundy et al. (1961). It is noteworthy 
that the latter boundary is more consistent with inde- 
pendently calculated equilibration conditions for dia- 
mond bearing eclogite nodules from the Roberts Vic- 
tor kimberlite (Carswell et al., in press). 
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Summary 
Pressure /temperature estimates based on different combinations of calibrated mineral- 
ogical thermometers and barometers and alternative assumptions concerning the Fe"/ 
(FeZ+ + Fe') ratios in the mineral phases are compared for a suite of fourteen nodules. 
Preferred PIT values have been obtained by simultaneous solution of eq. (12) of Wood 
(1974) for garnet-orthopyroxene equilibria and the Ellis and Green (1979) equation 
defining the P,T,X dependence of the FeZ + -Mg" partition coefficient for coexisting 
garnet and clinopyroxene. However, to obtain realistic results it is first necessary to 
calculate the Fei+ contents in the minerals - conveniently done on a charge balance basis. 
The favoured mean P/T estimates of 654 ± 36 °C and 10.8±3.1 kbs are compatible with a 
lower crustal origin for this nodule suite. 
Zusammenfassung 
Berechnung von Gleichgewichts - Bedingungen von Granat -Granulit und Granat- Webst er it- 
Xenolithen in afrikanischen Kimherliten 
Druck -Temperatur -Berechnungen auf Grund verschiedener Kombinationen von kalibrierten 
mineralogischen Thermometern und Barometern sowie alternativer Modelle der Fe'/ 
(Fe" + Fe")-Verhältnisse in den Mineralen einer Gruppe von 14 Einschlüssen werden 
verglichen. Bevorzugte P/T -Werte ergaben sich durch simultane Lösung der Gl. (12) für 
Granat- Orthopyroxen.Gleichgewichte von Wood (1974) und der Gleichung von Ellis 
und Green (1979), die die P -T -X- Abhängigkeit des Fe"- Mg'-Verteilungskoeffizienten 
für koexistierende Granat und Clinopyroxen definiert. Um realistische Ergebnisse zu 
erhalten, ist es jedoch zuerst notwendig, die Fe"-Gehalte der Minerale zu berechnen, 
vorzugsweise auf der Grundlage des Ladungsausgleichs. Die bevorzugten Durchschnitts- 
werte von 654° ± 36 °C und 10.8 -3.1 kb sind in guter Übereinstimmung mit einer Her- 
kunft aus der unteren Kruste. 
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 less, 1978) assum
e that all iron is present in the divalent state 
and that the PIT
 values for different nodules obtained on such an assum
p- 





certainly not true for crustal rocks, and the second w
ill only be the case if 
the oxidation state of the analysed nodules is sim
ilar. 
A
n alternative approach to this problem
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is sensitive to analytical errors, notably in Si02 




ates based both on the assum
ption of all iron as Fe' and on calculated 
Fe"/(Fe' +
 Fe') ratios, and consider the likely geological validity of both 
sets of estim
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ra ion ditions of upper- mantle eclogites: 
imp ications for kyanite- bearing and 
diamondiferous varieties 
D. A. CARSWELL, J. B. DAWSON, AND F. G. F. GIBB 
Department of Geology, University of Sheffield. Mappin Street. Sheffield SI 3JD. UK 
ABSTRACT. New mineral data for kyanite- bearing 
eclogites supplement existing data for eclogite nodule 
suites from the Roberts Victor and Bellsbank kimberlite 
intrusions, South Africa. Calculation of equilibration 
temperatures using the refined KE, calibration of Ellis 
and Green (1979) indicates that the majority of these 
eclogites equilibrated over a considerably narrower range 
(940 -1185 "C) than implied by earlier estimates which 
did not take account of the influence of the Ca- component 
of garnet on K. Most of the Roberts Victor diamondi- 
ferous eclogites appear to have equilibrated in the lower 
part of this range, whilst the equilibration temperatures 
for the Roberts Victor diamond -free eclogites extend to 
higher values than those from Bellsbank. The petro- 
genetic implications of the (calculated) temperature and 
pressure equilibration conditions for these eclogite suites 
are discussed with particular reference to possible upper - 
mantle geotherms and available data on the graphite - 
diamond transition boundary. 
IN most of the kimberlites of southern Africa, 
eclogite nodules are greatly subordinate in num- 
bers to peridotite nodules, of which garnet iherzol- 
ites are a characteristic and widely prevalent type 
(Mathias et al., 1970; Carswell, 1980; etc.). How- 
ever, the kimberlites of the Roberts Victor Mine 
some 40 km east of Bishof in the Orange Free State 
and of the Bellsbank Main and Bobbejaan fissures 
at Bellsbank some 50 km north of Barkly West in 
the Cape Province are unusual in that nodules of 
eclogite are much more abundant than peridotite 
suite nodules (Rickwood, 1969; Rickwood et al., 
1969). The nodule suites in the Rietfontein kim- 
berlite further west in Cape Province (Gurney et 
al., 1971) and in the Orapa kimberlite in Botswana 
(Shee and Gurney, 1979) are apparently also excep- 
tional in this respect. 
Reddish -orange garnet and green omphacitic 
clinopyroxene are the dominant mineral phases in 
the Roberts Victor and Bellsbank eclogites, but 
additional primary phases include kyanite, corun- 
dum, rutile, graphite and, or, diamond. Mineralogi- 
cal considerations suggest that the majority of such 
C) Copyright the Mineralogical Society 
eclogite nodules are of upper -mantle origin, as 
distinct from the eclogite nodules of lower crustal 
origin (Griffin et al., 1979) observed in the 
Monastery Mine and North Lesothan kimberlites 
emplaced around the edge of the Kaapvaal craton. 
Certainly the earlier suggestion by Nixon et al. 
(1963) that kyanite -bearing eclogites are necessarily 
of crustal origin can be discounted because of the 
discovery of diamond in certain of these nodules 
(Dawson, 1968; Rickwood and Mathias, 1970; 
Switzer and Melson, 1969). 
In this paper we present new mineral analyses 
for a number of kyanite- bearing eclogites from the 
Roberts Victor, Bellsbank Main and Bobbejaan 
kimberlites to supplement existing data for these 
localities which are mostly on the essentially 
bimineralic and diamond -bearing eclogite varieties. 
Since the outcrops of the Main and Bobbejaan 
fissures in the Bellsbank area are only about a 
kilometre apart and they apparently contain 
similar nodule suites, they may perhaps be linked 
at depth, and so for the purposes of comparison 
with the eclogite nodule suite in the Roberts Victor 
Mine kimberlite some 125 km away, we have 
pooled the data on the eclogites from these two 
dykes and refer to them simply as 'Bellsbank'. 
Petrography 
MacGregor and Carter (1970) recognized two 
groups of eclogite nodules from the Roberts Victor 
Mine kimberlite, primarily on the basis of textural 
distinctions. Their Group I eclogites were con- 
sidered to show cumulate textures sometimes with 
a well- defined mineralogical layering, whereas 
Group II eclogites were said to have a tightly 
interlocking texture sometimes with a crude planar 
fabric reflecting metamorphic recrystallization of 
what were interpreted as high -pressure liquid pre- 
cipitates. However, the textural and chemical basis 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Kimberlites. 11: The Mantle and Crust- Mantle Relationships, by J. Kornprobst (Editor), pp. 229 -243 
© 1984 Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 
PERIDOTITE NODULES FROM THE NGOPETSOEU AND LIPELANENG KIMBERLITES, LESOTHO: 
A CRUSTAL OR MANTLE ORIGIN 
by D.A. CARSWELL, W.L. GRIFFIN and P. KRESTEN 
Abstract - Variations in whole rock and mineral chemistries allow the recogni- 
tion of four distinct groups of peridotite nodules within these kimberlite 
occurrences. Equilibration temperature estimates together with general geo- 
chemical considerations strongly suggest that the relatively ferriferous Group 
1 (Cr- spinel wehrlites and lherzolites) and Group 2 (Al- spinel lherzolites) 
nodules represent basaltic cumulates of likely lower crustal origin. By con- 
trast the more magnesian peridotites are considered to have been derived from 
the upper mantle with the Group 3 nodules (Cr- spinel lherzolites and harzbur- 
gites) originating from shallower levels than those of Group 4 (garnet harzbur- 
gites). These data imply the existence of a Cr- spinel peridotite zone up to 
30 kms thick at the top of the mantle beneath this region, at the time of kim- 
berlite emplacement. Nodule samples of such rocks commonly show subsolidus 
deformation and recrystallisation effects leading to the development of mosaic 
and symplectite textures. Element partition considerations indicate that such 
textures have developed during cooling from an earlier temperature maximum; 
this cooling may have accompanied slow diapiric upwelling in the uppermost 
mantle. 
1 INTRODUCTION 
In contrast to previously described nodule suites from the kimberlites of 
northern Lesotho, the occurrences in Lipelaneng near Butha -Buthe in north- 
western Lesotho (No. 99 on Fig. 54 of Nixon & Kresten, 1973) and at Ngopetsoeu 
near Roma in west- central Lesotho contain an unusually high proportion of 
spinel bearing, garnet free peridotite nodules. Studies of such nodule samples 
are clearly important in view of current uncertainties concerning the nature 
of the uppermost mantle beneath this region (see for example Nixon et al. 1973; 
Jackson & Harte 1977; Carswell et al. 1979) and the possible existence of a 
spinel peridotite 72 garnet peridotite transition within the upper mantle be- 
neath such cratonic regions. Other than the brief general description pro- 
vided by Nixon & Kresten (1973) published data on the Lipelaneng nodule suite 
are limited to that for a coronitic garnet granulite (Griffin et al. 1979) and 
to the abstract of data on granulite and peridotite suite nodules provided by 
Jackson (1979). The nodule suite from Ngopetsoeu has not previously been 
studied. 
2 PETROGRAPHY 
Petrographic details for individual analysed peridotite nodule samples are 
given, together with whole rock and mineral chemistry data, in a separate 
appendix (Volume III "Documents ") but are summarised below: 
230 
2.1 Lipelaneng samples 
The 7 analysed samples from here fall into two groups, readily distinguished 
in thin section. Samples Lip 1 -4 (Group 1) are_olivine rich, pyroxene poor, 
spinel lherzolites or wehrlites with on average around S vol.'. of dark brown 
(near opaque) spinel. Rock textures in these samples are dominantly granulo- 
blastic with largely strain -free grains. Samples 5 -7 (Group 2) are more pyr- 
oxene -rich spinel lherzolites with similar modal contents of spinel. In thin 
sections spinel is tan coloured in Lip 5 and 7, but olive green in Lip 6. Rock 
textures are again dominantly granuloblastic but in Lip 6 there is conspicuous 
development of narrow orthopyroxene coronas around clusters of clinopyroxene 
sub -strains and spinels. Larger orthopyroxene grains contain abundant fine - 
grained rutile and less common clinopyroxene exsolution lamellae and often have 
turbid marginal reaction zones. 
2.2 Ngopetsoeu samples 
No Group 1 type nodules have been recorded in this xenolith suite. Sample 
PHN 2873/1 bears a close resemblance to the Group 2 nodules from Lipelaneng 
with its conspicuous dark olive green spinel and abundant orthopyroxene, again 
with fine scale rutile and clinopyroxene exsolution lamellae. However, in this 
sample orthopyroxene (% 60 vol."s) is much more abundant than olivine (- 10 vol. 
and there are approximately equal amounts (-- 12 vol. ') of clinopyroxene and 
a pale green amphibole which appears to be in textural equilibrium witn the 
other mineral phases. Overall the texture is granuloblastic with an absence 
of any obvious reaction features. 
By contrast the majority of peridotite nodule samples from Ngopetsoeu com- 
prise a large group (Group 3) of spinel lherzolites and harzburgites with -2 
vol.': each of clinopyroxene and dark orange spinel. Spinel commonly occurs as 
fine grained symplectitic intergrowths with orthopyroxene, and rarer clino- 
pyroxene, in a similar fashion to the so- called 'finger print' spinels des- 
cribed by Dawson & Smith (1975) in peridotite nodules from kimberlites else- 
where in both Lesotho and South Africa. Overall rock textures are sometimes 
near equant or tabular granuloblastic but more commonly mosaic- porphyroclastic 
(Harte 1977). 
In addition there is a much smaller group (Group 4) of gárnet harzburgite 
nodules, comprising samples PHN 1905, 2873/3 and 2873/7, which lack clino- 
pyroxene but contain small amounts of garnet (2 -5 vol. %) which in two out of 
three samples coexists with trace amounts of dark red spinel. 
3 WHOLE ROCK CHEMISTRY 
Whole rock analyses of selected nodule samples, for both major and certain 
trace elements, demonstrate significant differences between the four petro- 
231 
graphically distinct groups of peridotite nodules recognised. 
Compared with the common upper mantle derived garnet or spinel bearing 
lherzolite nodules found globally associated with kimberlite and alkali basalt 
magmatism, respectively (Carswell 1980) the Groups 1 and 2 peridotite nodules 
from these two kimberlite localities are significantly less magnesian. The two 
analysed Group 1 nodules from Lipelaneng have low 100 Mg /(Mg +Fe) values (81.7- 
84.2) coupled with low A1203, Ca0 and Na20 contents and unusually high 100 Cr/ 
(Cr +Al) values (37.4- 39.3). However, in the Group 2 nodules from both Lipela- 
neng and Ngopetseu low 100 Mg /(Mg +Fe) values (78.0 -87.4) are combined with 
enhanced A1203, Ca0 and Na20 contents and low Cr /(Cr +Al) values (5.1 -8.7). As 
the whole rock compositions of the Groups 1 and 2 peridotites appear dissimilar 
to any observed or projected upper mantle peridotite compositions (e.g. Ring - 
wood 1966, 1975)awe conclude that an upper mantle derivation of such nodules 
is unlikely. 
By contrast, the Group 3 spinel peridotite nodules have significantly high- 
er whole rock 100 Mg /(Mg +Fe) values (89.7 -93.5) coupled with low A1203, Ca0 and 
Na20 contents and high Cr /(Cr +AI) values (20.9 -31.1). These nodules are com- 
parable in their composition to a solitary, previously analysed, spinel harz- 
burgite nodule from the Pipe 200 kimberlite (sample PTH 201, Carswell et al. 
1979) and may represent relatively 'depleted' uppermost mantle samples. The 
garnetiferous peridotite nodules (Group 4) have broadly similar 'depleted' 
chemical compositions with 100 Mg /(Mg +Fe) = 91.0 -92.9 and 100 Cr /(Cr +Al) = 
15.8 -31.1 to the Group 3 spinel peridotites. However, the presence of Cr 
pyrope garnet rather than Cr spinel points to a somewhat deeper level origin 
in the mantle at higher pressures. 
4 MINERAL CHEMISTRY 
The coexisting mineral phases in 24 nodule samples have been analysed by 
electron microprobe at the University of Oslo using either wavelength dis- 
persive or energy dispersive techniques. Most quoted analyses (Volume III 
"Documents ") are averagesof several point analyses of chemically similar 
grains. 
4.1 Olivines 
There are clear differences in olivine compositions between the various 
analysed nodule samples with the olivines in Groups 1 ana 2 nodules being sig- 
nificantly less magnesian than those in Groups 3 -4 nodules. Ranges of for - 
sterite contents in olivines from the four nodule groups are as follows: 
Group 
I - Fo81_85; Group 2 - Fo80_88 
5; 
Group 3 - Fo91.5 
-93; 





There are similarly significant differences in the enstatite contents of 
the orthopyroxenes between the various nodules with the composition ranges as 
follows: Group 1 - En82 
3 -85.6; 
Group 2 - En81 
7_86 7; 
Group 3 - En92.8 -93.6; 
Group 4 - En93.4 
-94.2. 
Ranges of A1203 contents of orthonyroxenes in the 
various nodule groups are: Group 1 - 1.56 -1.89 wt.''; Group 2 - 2.82 -3.25 wt. 
Group 3 - 0.96 -3.01 wt.; Group 4 - 0.98 -1.21 wt.' It is clear that the 
orthopyroxenes in the Group 1 spinel lherzolites /wehrlites are appreciably 
less aluminous than those in the Group 2 spinel lherzolites. The Group 4 gar- 
net harzburgites contain orthopyroxenes with consistently low A1203 contents, 
whilst those in the Group 3 spinel lherzolites /harzburgites have variable 
A1203 contents depending largely on the textural type present. In nodules of 
the latter group with good partially recrystallised mosaic- porphyroclastic 
textures the orthopyroxene porphyroblasts have higher A1203 contents than the 
smaller recrystallised neoblasts. Orthopyroxenes occurring as symplectite 
intergrowths with spinel have lower A1203 contents than discrete grains in the 
same nodule. In these Group 3 nodules the overall trend is of decreased A1203 
contents in orthopyroxenes resulting from deformation induced subsolidus re- 
crystallisation. 
4.3 Clinopyroxene 
Significant compositional differences exist between clinopyroxenes in the 
different nodule groups and in the Group 3 nodules between different textural 
types of grains. The clinopyroxenes in the Groups 1 and 2 nodules have highest 
Fe /Mg ratios , and are typically more ti tani ferous and aluminous. Stoi chi o- 
metri c end member calculations involving Fe3+ calculation (Essene & Fyfe, 1967; 
Mysen & Griffin, 1973) suggest that the clinopyroxenes in these particular nod- 
ules all have significant acmite contents. Jadeite contents are generally 
negligible except in those of the Group 2 nodules. The Ngopetsoeu Group 2 
spinel lherzolite nodule PHN 2873/1 is, however, an exception to this. The 
composition of the clinopyroxene in this particular nodule reflects equili- 
bration with abundant coexisting hornblende into which Al, Ti, Cr and Na have 
clearly been preferentially partitioned. The clinopyroxenes in the Group 3 
nodules are highly diopsidic, particularly in the recrystallised neoblasts 
and where intergrown with spinel as symplectite (Dí80_89), and are character- 
ised by low contents of both jadeite and Ca- tschermaks molecules. 
4.4 Garnets 
The garnets in the Group 4 garnet harzburgite nodules are all Cr pyropes 
(Pyrope71_75, Uvarovite9_14, Almandine9_13), similar to the type 9 garnets of 
Dawson & Stephens (1975) which comprise the typical garnets in the dominant 
233 
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100 Cr/(CrAl) Spinel 
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2873,3 *40. 
60 70 80 90 
Fig. 1. Plot of 100 Cr /(Cr +A1) ratios in discrete spinels against wt.% 
A1203 in coexisting 'primary' orthopyroxenes from garnet free spinel peridotite 
nodules (crosses) and garnet bearing spinel peridotite nodules (closed circles). 
Additional data from Nixon & Bbyd (l973)á Boyd and Nixon (1975) and Carswell 
et al. (1979). Unlabelled points in the magnesio- chromite field are for var- 
ious Groups 4 and 5 nodules from the Thaba Putsoa, Mothae and Pipe 200 kimber- 
lites. 
4.5 Spinels 
As with the other mineral phases, there are notable differences in the 
chemical compositions of the spinels in the various nodule groups. Group 1 
nodules contain Cr sninels that are much more ferriferous and notably more 
titaniferous than those in the Group 3 nodules. On the other hand Group 2 no- 
dules contain Al spinels with low Cr contents. The Cr spinels in the Group 3 
nodules have somewhat variable Cr contents (25.2 -48.422 M2+ Cr204). Unlike in 
the coexisting orthopyroxenes no consistent differences were detected between 
discrete spinel grains and those in symplectite intergrowths with pyroxenes in 
particular nodules. The spinel associated with the late stage phlogopite in 
PHN 1899 is a magnesio- chromite (75.8% M2+ Cr204) as is the spinel coexisting 
with garnet in the Group 4 nodule PHN 2873/3 (64.3% M2+ Cr203). 
The differences in composition of the spinels in the various nodules and 
their correlation with the A1203 content of the coexisting orthopyroxenes are 
highlighted in Fig. 1, which also includes mineral analyses from other spinel - 
only or spinel + garnet peridotite nodules recorded in the Pipe 200, Thaba 
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Putsoa, Mothae and Liqhobong kimberlites of northern Lesotho (Nixon & Boyd, 
19731 Boyd & Nixon, 1975; Carswell et al., 1979). The Group 2 spinel lherzo- 
lite nodules all plot as a well defined group with Al spinels and orthopyroxenes 
with around 3 wt.% A1203. Such spinel- orthopyroxene pairs are somewhat akin 
to those of the common mantle derived spinel lherzolite nodules frequently en- 
countered in alkali basalt suite magmas (e.g. Ross et al. 1954; Kuno & Aoki, 
1979; Varne, 1977; Donaldson, 1978; Frey & Prinz, 1978). However, the assemb- 
lages in the latter nodules are less ferriferous and frequently contain ortho- 
pyroxenes with even higher A1203 contents (see Fig. 1, Carswell, 1980). The 
Cr spinel -orthopyroxene pairs of Groups 1 and 3 nodules plot together in Fig. 1, 
but as noted earlier the former assemblage is much more ferriferous. 
the spinels in the Group 1 nodules have quite high stoichiometrically calcu- 
lated Fe3 +,contents, corresponding to some 13 -31% M2 +Fe2 +04 in contrast to the 
negligible calculated M2 +Fe2 +04 contents in the spinels of the Group 3 nodules. 
Previously analysed spinel harzburgite nodules PTH 201 from Pipe 200 (Carswell 
et al., 1979) and PHN 2600 from Lighobong (Boyd & Nixon, 1975) have mineral 
assemblages with spinel- orthopyroxene compositions similar to the Group 3 no- 
dules at Ngopetsoeu. Although primary spinel has been analysed in only one 
Ngopetsoeu Group 4 nodule, comparison with similar nodules with coexisting 
spinel and garnet from other kimberlites in northern Lesotho confirms that such 
nodules characteristically contain magnesio- chromite and low Al orthopyroxene. 
Fig. 1 further indicates that these other kimberlites also contain an additional 
group (Group 5) of garnet -free spinel lherzolite /harzburgite nodules again with 
coexisting magnesio- chromite and low Al orthopyroxene. However, overall such 
nodules are even more refractory and magnesian with whole rock 100 Mg /(Mg +Fe) 
values of 95.0 -95.4 in comparison to values of 91.3 -93.5 in the nodules with 
coexisting garnet and magnesio- chromite. 
5. EQUILIBRATION CONDITIONS 
On the assumption that the mineral assemblages in these nodules equili- 
brated under the ambient P/T conditions of their sites of derivation, minera- 
logical geothermometers /barometers based on various mineral equilibria should 
indicate the likely depths of derivation of the various groups of peridotite 
nodules. Unfortunately calibrated barometers only exist for the garnetiferous 
Group 4 nodules and only assumed pressures can be indicated for the other no- 
dules. However, a number of appropriate calibrated thermometers exist based 
on several different mineral equilibria. The various calculated equilibrium 
temperatures and corresponding pressure estimates are listed in Table 1. 
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Gnt -Opx Assembl. 
Pkbs(6) PkLs(7) 
Group 1 
LIP 18 0.35 658 (499)1 
LIP 28 - - - 768 
LIP 38 0.38 824 7181 - 
LIP 48 0.38 (944) /321 1339 730 
Group 2 
LIP 58 0.11 b92 656i. 905 499 
LIP 68 0.12 739 6621 936 66b 
LIP 78 0.11 743 6941 966 739 
PHN 2873/18 0.07 732 631) 862 598 
Group 3 
PHN 286 /a - - - - 780 
PHN 28708 U.41 840 87611 924 710 
PHN 28718 0.37 770 80811 882 763 
KN 5818 0.42 794 835i1 956 
PHN 2873/28 0.44 Be 86311 943 692 
PHN 2873/48 0.30 753 77911 850 
PIH 201b 0.48 916 86911 791 
PHN 2600c 0.48 879 942!l 842 
PHN 28688 0.25 742 75711 807 755 
PHN 28728 0.46 823 87311 805 681 
PHN 18998 0.46 813 86311 606 
PHN 2873/48 0.30 - - 697 /36 
PHN 2873/68" 0.41 658 661 
Group 4 








36.0 PHN 19058 - 
> 29.6 PTH 2O7b 0.71 1452111 
967 315 PTH 409b 0.76 1104111 
PHN 1595c 0.69 1278111 882 24.0 
PHN 1567c 0.68 1182111 899 2P.9 
PHN 1592c 0.69 1197111 889 29.- 
PHN 1570c 0.70 1200111 912 28.9 
PHN 1513c !.68 1152iii 840 
2.2 
PHN 1572c 1.69 1150111 924 29.2 
Additional Notes: PHN 2867 to PHN 2600 - 
P/T Calibrations: 
Data Sources: 
PHN 2868 to PHN 1899 - 
PHN 2873/4 to PHN 2873/6 - 
I. Henry A Medaris 1980 
2. Lngi (in press) 
3. Sachtleben A Seck 1981 
4. Wells 197/ 
5. O'Neill and Wood 1979, 
6. Wood 1974 





Carswell et al. 1979 
Nixon A Boyd 1973 
'Primary' assemblages with hioh Al or:ro- 
pyroxene and discrete spinets. 
Recrystallised mosaic textured assemblages. 
Pyrox -spinel symplectite with low Al or ,%. 
1Q80 
Assumed Pressures: i. 10 Kbars 
- -- - -- ii. 15 Oars 
iii. 30 Kbars 
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5.1 Clinopyroxene -orthopyroxene equilibria 
The inconsistent temperatures calculated by the Wells (1977) calibration 
of this thermometer for the various nodule groups probably reflect errors re- 
sulting both from the imprecision of this method at these temperatures and its 
failure to satisfactorily take account of the influence of pressure and various 
compositional factors on the two pyroxene solvus (Lindsley & Dixon, 1976; 
Herzberg 19781 Mori 1978). Accordingly it would seem injudicious to attempt 
to discriminate between possible lower crustal and uppermost mantle nodules on 
the basis of these particular temperature estimates. 
5.2 Olivine -spinel equilibria 
Fe2 + -Mg2+ partitioning between olivine and spinel is a potentially valuable 
geothermometer for spinel peridotites (Irvine, 1965; Evans & Frost, 1975; Fuji i, 
1977)b. Here we have utilised the most recent calibrations of this geothermo- 
meter as provided by Henry & Medaris (1980) and Engi (in press). The Henry & 
Medaris calibration follows the earlier treatment of Evans & Frost (1972) and 
involves normalisation of the partition coefficient to YFé3± = 0.05. The Engi 
calibration has a more thorough experimental and theoreti cal basi s wi th correc- 
tions introduced both for the Fe3+ content of the spinel and the pressure depen- 
dence of the partition coefficient. 
For the Groups 1 and 2 nodules, if the two wayward values are excluded, the 
Henry & Medaris calibration gives mean and standard deviation temperature values 
of 731 ± 51 °C (with no P correction) and the Engi calibration 682 ± 36 °C (with 
an assumed P = 10 Kbars). These values look reasonable for ambient temperatures 
to be expected near the base of the crust beneath a relatively stable cratonic 
region. They are also in line with independent equilibration temperature esti- 
mates for postulated lower crustal granulite suite nodules (Griffin et al.,1979; 
Carswell & Griffin, 1981) from the kimberlites of southern Africa. By contrast 
olivine -spinelsequilibration temperatures for the Group 3 nodules are signifi- 
cantly higher, the mean and standard deviation values in 8 nodules with dis- 
crete spinels being 803 ± 43 °C with the Henry & Medaris calibration or 832 - 43 °C 
with the Engi calibration (assuming P = 15 K bars). There is in fact no overlan 
in calculated temperatures for individual nodules in nodules of Groups 1 and 2 
compared with Group 3, if the more consistent and preferred values given by the 
Engi calibration are accepted. The temperature difference between these nod- 
ules cannot be solely attributed to differences in the assumed P, since in- 
creasing the assumed pressure to 15 Kbars for the Groups 1 and 2 nodules only 
increases the mean calculated temperature given by the Engi calibration to 
695 °'C. The existence of equilibration temperature differences netween the 
Groups 1 and 2 and Group 3 nodules is further substantiated by the higher cal- 
culated temperatures for comparable Group 3 type nodules from Pipe 200 (PTH 
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201) and Lighobong (PHN 2600) also included in Table 1 . Hence the differences 
in the calculated olivine -spinel temperatures are considered to be real ana to 
reflect equilibration at uppermost mantle depths (Group 3) and lower crustal 
depths (Groups 1 and 2). 
The one Group 4 nodule from Ngopetsoeu with analysed coexisting primary 
spinel and garnet (PHN 2873/3) yields even higher olivine -spinel equilibration 
temperatures of 906 °C with the Henry & Medaris calibration and 1054 °C with the 
Engi calibration (assuming P = 30 Kbars). Comparable Group 4 type garnet - 
spinel lherzolite /harzburgite nodules from Pipe 200 and Thaba Putsoa (data from 
Nixon & Boyd, 1973aand Carswell et al., 1979) all yield consistently high temp- 
eratures (1100 °C) with the Engi calibration (assuming P = 30 Kbars). In addi- 
tion the separate group of 'ultradepleted' garnet free magnesio- chromite bear- 
ing lherzolite /harzburgite nodules also recorded in the Pipe 200 and Thaba 
Putsoa kimberlites (Boyd & Nixon 1975; Carswell et al., 1979) again all yield 
olivine -spinel equilibration temperatures >1100 °C with the Engi calibration 
(P = 30 Kbars). Some of the calculated temperatures for individual nodules are 
excessively high but it seems reasonable to conclude that both these nodules 
and the Group 4 type garnetiferous nodules have been derived from deeper mantle 
levels than the Group 3 Cr spinel bearing lherzolite /harzburgite nodules. 
5.3 Olivine -orthopyroxene- spinel equilibria 
Recent experimental and theoretical studies (Fujii, 1976; Obata, 1976; 
Danckwerth & Newton, 1978) have shown that the Al- isopleths for orthopyroxenes 
in equilibrium with forsterite and spinel are nearly independent of pressure 
and therefore provide a useful geothermometer. Sachtleben & Seck (1981) have 
derived a calibration for this geothermometer which empirically corrects for 
the control on the Al solubility in the orthopyroxene exerted by Cr /(Cr +A1 +Fe3 
+) 
ratio (YSp) of the coexisting spinel. 
the inconsistent and generally high temperatures calculated from this 
thermometer for the Groups 1 and 2 nodules probably reflect a general lack of 
equilibrium in the Al distribution in the mineral assemblages of these nodules, 
certain of which contain coronitic reaction textures. Amongst the Group 3 no- 
dules, the most important point to emerge is of the lower calculated tempera- 
tures for the recrystallised mosaic textured low Al orthopyroxene bearing 
assemblages and for the orthopyroxene -spinel symplectite intergrowths. Appa- 
rent 'primary' assemblages based on assumed equilibration of higher Al ortho- 
pyroxene porphyroclasts and discrete spinels yield temperatures which seem 
appropriate for uppermost mantle depths although the values obtained for indi- 
vidual samples are mostly somewhat higher than those indicated by the Engi 
calibration of the olivine -spinel geothermometer at P = 15 Kbars. 
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5.4 Olivine -orthopyroxene- garnet equilibria 
It is possible to derive unique P/T estimates for Group 4 nodules with 
this assemblage using a combination of the experimentally based P/T dependent 
calibrations for Al solubility in orthopyroxene (Wood, 1974) and Fe2+ -Mg2+ 
partitioning between the garnet and olivine (O'Neill & Wood, 1979, 1980). How- 
ever, this procedure yields unsatisfactorily inconsistent results which may at 
least in part reflect the fact that the Wood (1974) calibration does not ade- 
quately take account of the influence of Cr on garnet -orthopyroxene equilibria. 
5.5 Olivine- orthopyroxene- clinopyroxene- garnet -spinel equilibria 
The Cr203 contents of naturally occurring peridotites result in the stabi- 
lith of this 5 phase divariant assemblage over a fairly wide pressure interval 
(MacGregor, 1970; O'Neill, 1981) between the recognised 4 phase spinel lherzo- 
lite and garnet lherzolite stability fields (O'Hara et al., 1971; Jenkins & 
Newton, 1979). In the 5 phase assemblage Cr is heavily partitioned into the 
spinel phase. Hence in peridotites with the levels of whole rock 100 Cr /(Cr+ 
Al) ratios (16 -31) encountered in these Group 4 Ngopetsoeu nodules the co- 
existing spinels are typically magnesio- chromites with 100 Cr /(Cr +Al) >65 
(Carswell et al., 1979; Carswell, 1980; this study). O'Neill (1981) has uti- 
lised experimentally determined data on the equilibrium between spinel lherzo- 
lite and garnet lherzolite and added corrections to take account of the influe- 
nce of Cr and Fe on the mineral equilibrium to derive a geobarometer applicable 
to the garnet + spinel five phase assemblages in natural peridotites. Unfortunately 
only Ngopetsoeu nodule PHN 2873/3 has the appropriate analysed 5 phase assemblage but 
data also exist on comparable nodules from Pipe 200 (Carswell et al., 1979) and Thaba 
Putsoa (Nixon & Boyd, 1973)a. The procedures for the calculation of these parti- 
cular P/T estimates largely follows that proposed by O'Neill (1981) with temp- 
eratures calculated first from the O'Neill & Wood (1979, 1980) calibration for 
Fe2+ - Mg2+ partitioning between the garnet and olivine at an assumed P.30 Kbars. 
However, to take account of more recent experimental data (O'Neill,pers.comm.) 
a correction of -10% has been applied to the nominal pressure obtained for the 
reaction in CMAS, corrected for the Cr content of the spinel,before calculation 
and implementation of the appropriate Fe2+ correction. The P/T values thus 
obtained for the 9 nodules concerned are reasonably consistent and look geo- 
logically realistic - the mean and standard deviation values for the 9 samples 
being 897 ± 46 °C and 29.1 ± 1.1 Kbars. For the 8 nodules from Pipe 200 and 
Thaba Putsoa these values can be compared with mean values of 944 °C /32.0 Kbars 
obtained by the preferred methods applicable to 4 phase garnet lherzolite ass- 
emblages (Carswell & Gibb, 1980)b In conclusion, the P/T estimates for the Group 
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4 type garnetiferous nodules are considered to correspond to sub -Moho conditions 
expected on the Lesotho 'geotherm' at depths below surface of approaching 100 
kilometres (see Fig. 1, Carswell & Gibb, 1980)". 
6. DISCUSSION 
The symplectite intergrowths of spinel with pyroxenes which are a notable 
feature of the Group 3 spinel lherzolite /harzburgite nodules, present several 
problems in interpretation. Dawson & Smith (1975) have observed,that similar 
intergrowths are of widespread occurrence in garnet -free spinel peridotite no- 
dules from various kimberlites in southern Africa. Evidence that the mineral 
phases involved have the same composition in individual nodules whether they 
occur as discrete grains or are interarown as symplektites led them to hesi- 
tatingly reject interpretations involving metasomatic replacement, exsolution, 
or the breakdown or reaction of earlier phases in favour of an interpretation 
of the intergrowths as a primary crystallisation phenomenon. 
In the Ngopetsoeu Groun 3 nodules most symplectite intergrowths are of ortho- 
pyroxene + Cr spinel but some are of orthopyroxene + Cr spinel + minor clino- 
pyroxene. In the latter instances there is in fact no clinopyroxene elsewhere 
in the nodule. On the other hand, orthopyroxene is common in all the nodules 
and the symplectite often takes the form of a kind of overgrowth on larger 
orthopyroxene grains. Whilst our microprobe data confirm the absence of signi- 
ficant composition differences between spinels intergrown in symplectites and 
those occurring as isolated grains in the same nodule, we have observed consis- 
tent differences between the compositions of the pyroxenes of the symplectites 
and primary porphyroclast pyroxene grains. On the other hand both orthopyroxenes 
and clinopyroxenes intergrown with spinel in symplectites have compositions 
similar to those of corresponding recrystallised pyroxene neoblasts in those 
nodules with distinct mosaic -porphyroclastic textures. 
As noted earlier, the lower Al contents of the orthopyroxenes in both neo- 
blasts and symplectites provides strong evidence that both formed in response 
to deformation- induced recrystallisation at significantly reduced temperatures. 
The consistent compositions of the discrete and symplectite spinels can be ex- 
plained if both have re- equilibrated under the changed P/T conditions. Certain- 
ly rapid re- equilibration of spinels appears to have occurred in certain Pipe 
200 peridotite nodules (Carswell et al., 1979) where spinels associated with 
the outer parts of kelyphites resulting from garnet breakdown, spinels inter - 
grown with clusters of Cr diopside and phlogopite grains, and discrete spinels 
may all have the same composition in individual nodules. 
One feasible explanation is that the symplectites are the result of reaction 
between olivine and pre- existing Cr -rich garnet. Scan analyses of clinopyroxene 
bearing symplectites, if recalculated to 16 oxygens have approximately M3+ = 2 
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and Pi4+ = 4, as would be expected from a mixture of olivine + garnet (Bell et 
al., 1975; Smith, 1977). The high Ca0 contents (13.2 -17.8 wt.Y) would imply 
an original pyrope -uvarovite garnet unlike those usually encountered in upper 
mantle peridotites. However, a considerable amount of orthopyroxene component 
resulting from the olivine + garnet reaction may have crystallised as over- 
growths on the adjacent large orthopyroxenes and thus been 'lost' from the 
actual symplectite areas. If this has occurred then the pyrope (and knorringite) 
content of the original garnet would have been correspondingly higher. This 
calculation also ignores the presence of clinopyroxene free symplectites in the 
same rock. If these are included in an average, the hypothetical garnet becomes 
still lower in Ca. However, the symplectite texture is usually accepted as evi- 
dence of rapid growth rates and slow diffusion rates, so that such an'averaging' 
would seem to be of dubious validity. The postulated original garnets in these 
nodules may have had compositions approaching those of the Cr rich green garnet 
xenocrysts (with around 25 mol.°, each of uvarovite and knorringite) found in the 
Kao kimberlite (Hornung & Nixon, 1973). These green garnets conceivably were 
derived from disaggregated highly depleted garnet lherzolite nodules (see Fig. 
3, Carswell et al., 1979). However, the olivine + garnet reaction interpre- 
tation does not explain the source of the Na in the symplectite unless original 
jadeite- or kosmochlor -rich clinopyroxene is assumed to have been involved in 
the breakdown reaction. 
An alternative interpretation of the symplectites involves the breakdown of 
a complex pyroxene by a sliding reaction of the type pyrox.ss + spinl -> 
opx + spin2 ± cpx. This would require that the primary pyroxene was extremely 
rich in Al + Cr. The amount of secondary pyroxene 'lost' as overgrowths on 
larger grains is difficult to estimate, as noted above, so that this problem 
may be only apparent. 
Breakdown of an original high pressure olivine + Cr -rich garnet assemblage to 
a lower pressure pyroxene + spinel assemblage in these nodules implies diapiric 
movements in the mantle preceeding kimberlite generation (Smith, 1977). Cer- 
tainly such an interpretation would be in keeping with the abundant evidence 
of deformation induced recrystallisation textures in these particular nodules. 
The alternative origin by breakdown of complex pyroxenes implies cooling from 
a previous temperature maximum. This does not require vertical movements, but 
cooling might well have been related to upward transport of material. 
An analysed olivine megacryst from Ngopetsoeu has a composition (Fo83.6) 
within the range recorded (Fo83_87) in olivine megacrysts from the Letseng -la- 
terae kimberlite of northern Lesotho (Boyd & Nixon, 1975; Dawson et al., 1981) 
which in turn have similar compositions to the olivines in rare nodules of por- 
phyroclastic textured Fe rich dunites observed in the Thaba Putsoa (Boyd &Nixon 
1975) and Bultfontein (Dawson et al., 1981) kimberlites. The Fe rich nature of 
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these megacrysts and dunites suggests that they represent cumulates rather than 
residua of partial melting of upper mantle peridotites, but it seems unlikely 
that such olivines were precipitated directly from kimberlite liquids (Dawson 
et al., 1981). Olivine- liquid partition considerations (Roeder & Emslie, 1970) 
instead suggest that such olivines were precipitated from basaltic magmas. This 
raises the interesting possibility that such olivine megacrysts, dunites and 
the Groups 1 and 2 spinel peridotite nodules described in this paper may all 
represent fragments of ultramafic cumulates of earlier basalt magmas (perhaps 
of Karroo age) trapped near the base of the crust as envisaged by Cox (1980). 
Certainly such an origin would seem appropriate for the relatively ferriferous 
Groups 1 and 2 peridotite nodules and is in keeping with the relatively low cal- 
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Fig. 2. Depth ranges of various xenolith types beneath NW Lesotho, based on 
geothermometry /geobarometry calculations (Carswell et al., 1979; Carswell and 
Griffin, 1981; Griffin et al., 1979; and this paper). Assemblages for which 
only temperature could be calculated (spinel lherzolites) hive seen assigned 
a depth by comparison with a generalised Lesotho geotherm constructed from the 
above references. Group 1 Cr spinel peridotite nodules have probably been de- 
rived from similar depths to the Group 2 Al spinel peridotites, in contrast 
to the indicated uppermost mantle zone of Group 3 type Cr spinel peridotite. 
242 
7. SUMMARY 
Our observations and analytical data on the nodule suites at Lipelaneng and 
Ngopetsoeu, taken together with previously published data on the nodule suites 
from other kimberlites in Lesotho, lead us to recognise the existence of five 
distinct groups of primary spinel bearing peridotite nodules. These have been 
derived, as illustrated schematically in Fig. 2, from various stratigraphic 
levels in the lower crust -uppermost mantle section traversed by these kimberlites 
during their volatile charged emplacement. The five spinel bearing peridotite 
nodule groups are as follows: 
Group 1 nodules - recognised so far only at Lipelaneng, contain Cr spinel (YCP 
0.35 -0.38) with quite high M2 +Fe2 +04 contests. Indeed the whole mineral assemb- 
lage is more ferriferous than that normally encountered in mantle derived peri- 
dotite nodules. Olivines are Fo81 
-85 
and orthopyroxenes En82 
86 
with fairly low 
A1203 contents (1.56 -1.86 wt.`s). 
Group 2 nodules - encountered at both Lipelaneng & Ngopetsoeu, are similarly 
ferriferous (olivines Fo80_88) but contain Al spinels (YSP = 0.07 -0.12) which 
coexist with aluminous orthopyroxenes (2.83 -3.25 wt.` A1203). 
Group 3 nodules - particularly conspicuous at Ngopetsoeu but also previously 
noted at Pipe 200 and Liqhobong, have quite 'depleted' whole rock chemical 
compositions (100 Mg /Mg +Fe = 89.7 -93.0 and 100 Cr /Cr +Al = 20.9 -29.9) and contain 
Cr spinels (YAP = 0.25 -0.48) with magnesian olivines (Fo91_93) and orthopyro- 
xenes (En93 
-94). 
Many of these nodules show subsolidus deformation and re- 
crystallisation effects leading to the development of mosaic -porphyroclastic and 
symplectite intergrowth textures. Coarse grained orthopyroxene porphyroclasts 
have higher A1203 contents (2.32 -3.01 wt..) than associated mosaic (0.96 -2.43 
wt.'S) and symplectite (1.20 -1.75 wt..) textured grains. 
Group 4 nodules - recorded at Ngopetsoeu, Pipe 200 and Thaba Putsoa, have simi- 
lar whole rock compositions (100 Mg /Mg +Fe = 91.0 -92.9 and 100 Cr /Cr +Al = 15.8- 
31.1) to Group 3 nodules but characteristically contain coexisting Cr pyrope 
garnet and magnesio- chromite spinel (YScP - 0.60) with magnesian olivines 
(Fo92_94) and low A1203 orthopyroxenes (0.99 -1.21 wt. %). 
Group 5 nodules - not observed at Lipelaneng or Ngopetsoeu but recorded at Pipe 
200, Thaba Putsoa and Mothae, have extremely depleted whole rock chemical compo- 
sitions (100 Mg /Mg +Fe = 95.0 -95.4 and 100 Cr /Cr +Al = 20.1 -48.9) and contain 
highly magnesian olivines (Fo93_95), low A1203 orthopyroxenes (0.36 -1.05 wt. %) 
and magnesio- chromite spinels (Xn = 0.69 -0.80) without garnet. 
Geochemical considerations and calculated P/T equilibration conditions for 
the mineral assemblages in the various nodule groups, lead us to conclude that 
the peridotite nodules of Groups 1 and 2 have been derived from near the base of 
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the crust and may well represent ultramafic cumulates derived from trapped 
bodies of earlier basaltic magmas. Nodules of Groups 3 -5 are by contrast of 
undoubted mantle derivation, with those of Group 3 having been derived from the 
uppermost few tens of kilometres of the mantle and those of Groups 4 and 5 from 
somewhat deeper levels. There is thus strong evidence for the existence of a 
garnet free Cr- spinel peridotite zone at the top of the mantle sections sampled 
by the Ngopetsoeu, Pipe 200 and Liqhobong kimberlites. It seems likely that a 
similar uppermost mantle zone, dominated by Cr- spinel peridotite was also sam- 
pled by the well documented kimberlites of the Kimberley area (e.g. Williams, 
1932; Holmes, 1936; Dawson & Smith, 1975). Furthermore, the absence of garnet - 
iferous peridotite nodules which have demonstrably equilibrated in approximately 
the top 45 kilometres of the mantle (see for example Fig.3, Carswell & Gibb, 
1980)b makes us strongly suspect that such an uppermost mantle Cr- spinel perido- 
tite zone may occur extensively beneath southern Africa. This hypothesis can 
be tested by a program of geothermometry on the common spinel harzburgite 
nodules. 
It should be emphasised that no magnesian Al- spinel peridotite nodules, ana- 
logous to those habitually encountered in alkali basalt suite magmas, have been 
recorded in these, or indeed any other, kimberlites in southern Africa. The 
occurrence instead of Group 3 type Cr- spinel peridotite nodules indicates that 
the uppermost 45 or so kilometres of the mantle section transected by these kim- 
berlites has a more highly 'depleted' peridotite composition than is usually 
encountered at similar mantle depths beneath regions undergoing alkali basalt 
suite magmatism. Additional nodule evidence, such as the occurrence of Group 
4 type peridotite nodules with coexisting Cr pyrope garnet and magnesio- 
chromite spinel, indicates that this highly depleted chemical character often 
extends down some 70 or more kilometres in the sub -Moho mantle section beneath 
Lesotho, perhaps as a consequence of the voluminous earlier Karroo basalt mag- 
matism. 
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PERIDOTITE NODULES FROM THE NGOPETSOEU AND LIPELANENG KIMBERLITES, 
LESOTHO: A CRUSTAL OR MANTLE ORIGIN - APPENDIX 
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Analyses of Olivines in Nodule Samples 
Sample 
Number 

















39.8 38.8 39.6 39.1 39.5 38.3 39.6 41.0 41.2 41.4 41.2 41.2 41.3 41.5 
Fe0 15.2 15.5 14.7 17.9 11.5 18.9 11.4 7.38 6.57 6.39 7.13 7.08 6.94 7.33 
Mn0 0.13 - 0.11 0.18 0.27 0.35 0.25 0.0 0.17 0.07 0.16 0.0 - 0.17 
Mg0 45.4 45.4 45.7 42.9 48.2 42.1 48.3 51.4 52.1 51.6 51.9 51.8 51.9 51.6 
Total 100.4 99.6 100.0 100.0 99.4 99.7 99.5 99.8 100.0 99.9 100.4 100.1 100.2 100.6 

















KN 581 KN 5B3 
SiO 
2 
40.0 40.9 41.2 41.2 41.4 41.5 41.2 42.0 41.8 





















Total 100.0 99.6 99.7 99.3 99.2 100.2 99.5 99.3 98.9 
%Fo 87 93 93 93 91.5 93 92.5 93 93 
TABLE 7 



















Gnt. Phl. Amph. Gnt. Phi. Gnt. Gnt. 
SiO 
2 
42.0 41.3 45.1 41.7 40.0 41.6 41.8 
TiO 
2 
0.0 0.10 0.50 0.0 3.21 - - 
A1203 20.6 13.5 12.1 21.9 14.1 21.5 22.2 
Cr203 5.33 0.85 0.48 3.17 2.17 3.86 2.66 
FeOT 5.99 2.43 4.55 7.14 4.06 7.52 10.3 
Mn0 0.28 0.0 0.10 0.40 0.0 0.39 0.39 
Mg0 21.4 25.6 17.7 20.5 22.7 19.8 19.0 
Cao 5.56 0.14 12.5 5.55 0.0 5.76 5.03 
Na20 - 0.18 1.52 - 0.27 - - 
K20 - 10.3 0.40 - 9.84 - - 
TOTAL 101.1 94.4 95.0 100.4 96.4 100.4 101.4 
FeOT - Total Fe as FeO 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Scan analyses of pyroxene -spinet symplectites in nodule PHN 2870 
4 6 10 Average of 6 
SiO 
2 
39.04 37.98 42.07 36.34 
A1203 10.16 9.59 8.78 9.73 
Cr203 9.99 9.97 8.93 9.71 
FeO 4.09 4.27 3.84 4.97 
Mn0 (0.16) (0.05) (0.10) (0.10) 
MgO 17.72 17.33 17.23 18.41 
Cao 16.25 15.78 17.79 13.18 
Na20 1.05 1.02 0.82 0.79 
E 98.46 95.99 99.53 93.11 
O = 16 
Si 3.996 3.995 4.236 3.891 
Al 1.226 1.189 1.041 1.254 
Cr 0.808 0.829 0.710 0.839 
Fe 0.350 0.370 0.321 0.460 
Mg 2.704 2.717 2.584 3.013 
Ca 1.782 1.778 1.918 1.495 
Na 0.209 0.208 0.157 0.166 




Si 3.026 3.025 3.253 2.920 
Al 1.195 1.169 1.079 1.230 
Cr 0.788 0.815 0.768 0.823 
Fe 0.167 0.183 0.105 0.271 
Mg 1.070 1.045 0.630 1.341 
Ca 1.738 1.746 1.988 1.467 
Contrib Mineral Petrol (1987) 95:499 -511 
Evaluation of mineral thermometers and barometers 
applicable to garnet Iherzolite assemblages 
D.A. Carswell and F.G.F. Gibb 
Department of Geology, University of Sheffield, Mappin Street, Sheffield SI 3JD, UK 
Abstract. We have tested the ability of some 12 different 
barometer and 20 different thermometer formulations to 
reproduce the experimental P -T equilibration conditions 
of `natural' multi- component garnet lherzolite assemblages. 
For natural rock compositions it is essential to take account 
of the influence of both Cr and Fe on the garnet- orthopy- 
roxene Al exchange reaction customarily used as a barome- 
ter for such assemblages and accordingly our results demon- 
strate that the formulation of Nickel and Green (1985) is 
the most satisfactory. No single thermometer formulation 
was judged to be reliable throughout the P -T range of 
interest. In our view equilibration temperatures are best 
assessed by consideration of a combination of the most 
satisfactory thermometer formulations, based on the two - 
pyroxene solvus and the Fee + Mgt + exchange reactions 
between mineral pairs. Our results further indicate that use 
of the barometer (MacGregor 1974) and thermometer for- 
mulations recommended by Finnerty and Boyd (1984 and 
1986) will lead to inaccurate assessment of the temperatures 
and pressures of equilibration for most garnet Iherzolite 
xenolith assemblages and hence to incorrect interpretation 
of their depth of derivation within the mantle. 
Background 
Garnet Iherzolite assemblages (olivine+ orthopyroxene + 
clinopyroxene + garnet) in ultramafic rocks with upper 
mantle geochemical affinities are occasionally preserved in 
alpine -type peridotite bodies which probably mark the sites 
of palaeo- continental plate collision sutures within ex- 
humed deep level, high pressure, crustal metamorphic com- 
plexes (e.g., Carswell and Gibb 1980a; Carswell 1986; Cars- 
well and Cuthbert 1986). They are more extensively re- 
corded as xenoliths (nodules) brought up by volatile 
charged alkaline eruptives, notably kimberlites (e.g., Nixon 
and Boyd 1973; Ringwood 1975; Sobolev 1977; Dawson 
1980; Carswell 1980). 
In recent years there has been considerable interest in 
the application of various mineral thermometers and ba- 
rometers to these assemblages with a view to deducing their 
depths of derivation. Moreover there has been a steady 
increase in the number of available calibrations proposed 
for the various element exchange equilibria which form the 
basis of these thermometers and barometers. However, 




Springer- Verlag 1987 
there is currently little or no consensus as to which particu- 
lar calibrations provide the most accurate and hence geolog- 
ically meaningful values for the equilibration temperatures 
(T) and pressures (P) of such garnet lherzolite assemblages. 
Previously we presented (Carswell and Gibb 1980b) a 
comparison of the thermometers then available, using gar- 
net Iherzolite xenoliths from the kimberlites of northern 
Lesotho (southern Africa) as a test sample suite. There is 
good evidence that the different textural types of these gar- 
net lherzolite xenoliths (Nixon and Boyd 1973; Boyd 1973; 
Carswell et al. 1979) have equilibrated over a wide tempera- 
ture range -probably of the order of 500 °C. From calculated 
results we selected five thermometers judged to be the best 
then available, since they consistently gave results closest 
to the mean temperature value for all ten of the methods 
tested for each particular xenolith sample. This approach 
led us to reject those thermometers judged to be inaccurate 
and /or imprecise. We concluded that without being exces- 
sively subjective we could do no better than recommend 
that, at the then current state of the art ', the best available 
temperature estimate for each xenolith was an average of 
the temperatures given by the five selected thermometers. 
This recommendation was subsequently criticised by Fin- 
nerty and Boyd (1984) on the grounds that there was no 
reason to accept the mean temperature derived from the 
five thermometers as any more accurate than an estimate 
made with just one thermometer. 
Following a rather different approach, Finnerty and 
Boyd (1984, 1986) attempted a test of the accuracy of se- 
lected pairings of thermometers and barometers through 
reference to the P -T constraints provided by experimental 
data on the diamond -graphite univariant transition (Ken- 
nedy and Kennedy 1976) and on phlogopite stability 
(Eggler and Wendlandt 1979). Finnerty and Boyd (1984) 
concluded that the most accurate P- T values for the north- 
em Lesotho garnet Iherzolite xenolith suite were those ob- 
tained by a combination of a two -pyroxene solvus ther- 
mometer based on the experimental data of Lindsley and 
Dixon (1976) for the diopside limb of the diopside- enstatite 
miscibility gap in the simple CaO - MgO - SiO2 (CMS) sys- 
tem, with a barometer based on the experimental data of 
MacGregor (1974) for the Al2O3 content of orthopyroxene 
coexisting with garnet in the MgO- A1203 -Si02 (MAS) 
system. This choice seemed surprising to us on several 
grounds. 
Firstly, the selected calibration of the two -pyroxene sol- 
vus thermometer assumes a fixed pressure value of 20 kbar 
500 
and thus takes no account of the influence of pressure on 
the solvus as stressed by Lindsley and Dixon (1976) them- 
selves. Neither does it incorporate any corrections to take 
account of the expected effect on the solvus relationships 
(cf. Wells 1977; Nickel et al. 1985) of additional chemical 
components (notably Fe, Al, Cr and Na) in the pyroxenes 
present in natural garnet lherzolite assemblages. In acknow- 
ledgement of this latter problem, Finnerty and Boyd (1984) 
did attempt to minimise the influence of Fe and the other 
components through calculation of the enstatite component 
in these natural clinopyroxenes as 1-[2Ca/(Ca + Mg)]. The 
use of a barometer based simply on the uncorrected wt. % 
A1203 isopleths of MacGregor (1974) for enstatite coex- 
isting with pyrope in the MAS system may be questioned 
on similar grounds. Several other experimental studies (e.g., 
MacGregor 1970; O'Neill 1981; Harley 1984a; Nickel and 
Green 1985; Webb and Wood 1986) have demonstrated 
the profound influence exerted on garnet -orthopyroxene 
equilibria by additional components (such as Fe, Cr and 
Ca) in natural mineral assemblages. 
Finnerty and Boyd (1986) have provided a revised eval- 
uation which considers thermometer and barometer calibra- 
tions which have become available since their earlier paper. 
The barometer based on the MacGregor (1974) data is still 
judged to be the best available in terms of meeting their 
imposed petrologic constraints. However, they have pre- 
sented a revised formulation for the two -pyroxene solvus 
thermometer which comprises a geometrically constrained 
empirical fit of the diopside limb which takes account of 
the more recent reversed experimental determinations of 
the two -pyroxene miscibility gap at pressures up to 60 kbar 
(Nickel and Brey (1984); Brey and Huth (1984)). This for- 
mulation (Finnerty and Boyd (1986) thus incorporates a 
pressure correction, though the magnitude of the pressure 
effect on the miscibility gap is considerably less than that 
indicated by the earlier experimental data of Lindsley and 
Dixon (1976). Finnerty and Boyd (1986) consider that their 
formulation currently yields the most accurate equilibration 
T values for garnet lherzolite xenolith assemblages and is 
preferable to the thermodynamically modelled formulations 
for enstatite and diopside component exchange, based on 
essentially the same data, given by Nickel and Brey (1984). 
The assessments by Finnerty and Boyd (1984, 1986) of 
the `best' available thermometer and barometer have been 
largely governed by the locations in P -T space of calcu- 
lated values for one diamond bearing xenolith (BD2125; 
Dawson and Smith 1975) and one primary graphite bearing 
xenolith (PHN1569; Nixon and Boyd 1973) relative to the 
diamond ±graphite inversion curve of Kennedy and Ken- 
nedy (1976). Not only is the number of constrained xenolith 
samples involved uncomfortably small but other experimen- 
tal (Bundy et al. 1961; Bundy 1980) and thermodynamic 
(Berman 1979) data on the diamond -graphite transition 
suggest that the location in P- T space of the Kennedy 
and Kennedy (1976) curve may be in error by some 100° C 
or 2.5 kbar, in the range of P -T values concerned. As 
admitted by Finnerty and Boyd (1984), the additional 
phlogopite constraint is poor because of uncertainty in the 
P- T location of the stability curve for natural phlogopites. 
Approach 
The accuracy .of thermometer and barometer formulations 
based on experimentally determined phase equilibria is cru- 
cially dependent on a number of factors, mostly associated 
with the experiments themselves, which can be very difficult 
to assess. For example, unless the reaction in question has 
been reversed experimentally considerable doubt must exist 
as to whether true equilibrium has been obtained and even 
when reactions have been reversed they may not have been 
bracketed tightly enough for accurate thermometer /barom- 
eter formulations. Also, errors are often present in recorded 
experimental temperature and pressure values (particularly 
in the piston /cylinder apparatus experiments generally used 
for the type of thermometers and barometers in question). 
Still further uncertainty arises from the necessarily large 
extrapolations involved (a) in applying experimental data 
derived from relatively simple systems to the much more 
chemically complex natural rocks, and (b) in extending the 
P- T ranges of the thermometers and /or barometers 
beyond the generally limited ranges of experimental values. 
Attempts have been made to apply thermodynamically de- 
rived corrections to allow such extrapolations but the data 
on which these are themselves based are often meagre and/ 
or subject to equally large uncertainties. 
With so many sources of possible error, most of which 
are extremely difficult to quantify (not least because of the 
frequent paucity of published detail concerning experimen- 
tal conditions), there is little prospect of being able to evalu- 
ate the cumulative effects of such errors and the most useful 
exercise is to attempt an evaluation of the overall accuracy 
of the thermometers and barometers. 
Previous attempts to do this for mineral thermometers 
and barometers applicable to general lherzolite assemblages 
(Carswell and Gibb 1980b; Finnerty and Boyd 1984, 1986) 
have all involved calculation of P- T values from mineral 
analyses for naturally occurring xenolith assemblages using 
specific pairings of thermometers and barometers (termed 
thermobarometers by Finnerty and Boyd). Since the major- 
ity of available thermometers include a pressure term and 
all barometers a temperature term, the P -T values have 
to be obtained either through simultaneous solution of two 
equations or by a reiterative calculation procedure. Either 
way propagation of any errors will occur, whether arising 
from the use of inaccurate and /or imprecise thermometers 
or barometers or from poor quality mineral analyses. Con- 
sequently it is difficult to judge where the sources of error 
lie in the P- T values calculated from a paired thermome- 
ter /barometer for any particular xenolith sample. 
Accordingly we report here results obtained from a radi- 
cally different approach to the evaluation of the accuracy 
of the various available thermometers and barometers. This 
has involved testing each thermometer and barometer inde- 
pendently against experimentally calibrated mineral compo- 
sition data for natural' multi- component garnet lherzolite 
assemblages. Such experimental data unfortunately are 
rather limited and may be subject to some of the errors 
and uncertainties mentioned above, but at least they pro- 
vide a more rigorous test of individual thermometers and 
barometers than those previously attempted. 
Calculation of equilibration temperatures and pressures 
for garnet lherzolite assemblages from mineral composition 
data has been facilitated by a highly flexible, interactive 
computer program (NODMINS 3) giving the operator 
complete freedom to choose which of 22 thermometers and 
13 barometers are to be paired together to form the thermo- 
barometer for calculation of P- T values. Where the se- 
lected thermometer contains a pressure term and the ba- 
rometer a temperature term, the calculation is performed 
on a reiterative basis until the change in the calculated 
values is less than 0.1 °C and I bar. Most importantly. there 
is also an option to enter a preset temperature or pressure 
value, a facility essential to the evaluation exercise reported 
here. A further important option is that the P- T calcula- 
tions may be done either on the mineral composition data 
as entered (usually electron microprobe analyses with all 
Fe expressed as FeO) or on recalculated mineral analyses 
where the respective values of Fe' and Fe3+ in garnet, 
clinopyroxene and orthopyroxene have been calculated by 
stoichiometric charge balance (e.g., Neumann 1976). Addi- 
tional flexibility allows the use of different variants of cer- 
tain mineral composition parameters (such as XCe) in partic- 
ular calculations. 
Test data 
Ideally the test data should satisfy the following requirements: 
(i) Natural multi -component rock compositions and mineral 
phases should have been used in the experiments. These rock and 
mineral compositions and the experimental P- T conditions 
should have been close to those observed with the naturally occur- 
ring garnet lherzolite assemblages. 
(ii) Experimental procedures and run times should have been 
such as to ensure satisfactory equilibration of the mineral assem- 
blages. 
(iii) Good quality electron microprobe analyses of the coex- 
isting mineral phases should be available. 
The data which appear to meet these requirements best are 
those provided by Nickel (1983) and by Akella (1976). 
The Nickel (1983) data are for two ultramafic rock composi- 
tions; TP -40 corresponding to Tinaquillo peridotite minus 40% 
olivine (Jaques and Green 1980) and TP -40C the same peridotite 
mix with 1.6% Cr203 added. These rock compositions were equili- 
brated at T= 1000 -1400° C and P =35 kbar, with run times be- 
tween 8 and 168 h. Mineral equilibration was judged by Nickel 
(1983) to have been generally good, especially at the higher temper- 
atures. However, some Cr/(Cr + Al) zonation was recorded in gar- 
nets, especially in the lower T runs with the more chrome -rich 
composition TP -40C. In addition some Fe loss to Ag - Pd capsules 
was reported in the 1100° C and 1200° C runs which might be 
expected to affect thermometers based on Fe -Mg exchange be- 
tween minerals due to possible differences in Fe loss rate from 
the different minerals. 
Akella (1976) reported experimentally calibrated mineral com- 
position data for a natural mineral mixture of forsteritic olivine + 
enstatitic orthopyroxene +diopsidic clinopyroxene +pyropic gar- 
net designed to simulate naturally occurring garnet lherzolite as- 
semblages. Experimental runs were done at 1100° C and 1300° C 
with pressures of 31, 38 and 44 kbar. It is claimed that considerable 
care was taken to ensure satisfactory equilibration and production 
of homogeneous mineral phases. Where necessary total run times 
were extended beyond 16 h by recycling sample runs two or three 
times. Loss of Fe was avoided by use of graphite capsules with 
tight -fitting lids. 
Mori and Green (1978) have provided considerable mineral 
composition data on garnet Iherzolite assemblages derived from 
experimental runs on a synthetic ultramafic composition and a 
natural mineral mix. Their experiments were conducted over a 
wider range of P -T conditions, viz 950 -1500° C and 30-40 kbar, 
but run times were mostly short and hence satisfactory equilibra- 
tion was often in doubt. There was also uncertainty over possible 
Fe loss to capsules. The most pertinent set of experimental run 
data presented by Mori and Green (1978) is that for a mechanical 
mixture (C2) comprising an equal weight proportion of olivine, 
orthopyroxene, clinopyroxene and garnet separated from Norwe- 
gian garnet Iherzolites. All their mineral composition data for runs 
on the sintered synthetic pyrolite minus 40% olivine composition 
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(consisting of <1 micron size olivine, orthopyroxene, clinopyrox- 
ene, plagioclase, ilmenite and chromite) have been used as test 
data although some are of doubtful quality. The Mori and Green 
(1978) runs on synthetic glass rich in pyroxene components or 
its sintered equivalent have, however, been excluded. 
Mineral composition data from Kushiro et al. (1972) for a gar- 
net lherzolite assemblage formed at 1450° C and 30 kbar from a 
starting material comprising a mix of natural olivine, orthopyrox- 
ene, clinopyroxene and garnet separated from a garnet lherzolite 
xenolith in kimberlite, to which 2 wt% synthetic fluor -phlogopite 
was added, have also been considered. However, the run time in- 
volved was only 50 min and our results clearly indicate extremely 
poor equilibration in this assemblage. 
Finally, the early experimental data provided by Green (1973) 
for a garnet lherzolite assemblage formed at 30 kbar, 1250° C from 
a pyrolite minus 40% olivine composition and on mineral phases 
found near the liquidus of an olivine -rich basanite at 27 -29 kbar, 
1220 -1260° C have been scrutinised but rejected as unsatisfactory. 
Our tests using these data indicated very poor chemical equilibra- 
tion within these experimental charges (especially with respect to 
Fee+ -Mgz+ exchange reactions). Moreover the quality of the 
mineral analyses provided is poor as demonstrated, for example, 
by the poor cation totals in the calculated structural formulae. 
Doubts over whether satisfactory equilibration was achieved 
in some of the experimental data employed means that our ther- 
mometer and barometer tests were not as rigorous as we would 
wish, but are the best that can be done with the experimental 
data available. 
Barometers tested 
Experience has indicated that the content of Al' cations 
in the octahedral sites (M1) in orthopyroxene coexisting 
with garnet is particularly pressure dependent and thus pro- 
vides the best means of assessing the equilibration pressures 
of garnet lherzolite assemblages. Hence 11 out of 12 of 
the barometer variants tested here (barometer P10 is the 
exception) are based on this orthopyroxene composition 
parameter. Most of the experimental data on which the 
various barometer calibrations are based are for the simple 
MAS and CMAS systems (e.g., MacGregor 1974; Perkins 
and Newton 1980), but in some cases semi -empirical ther- 
modynamically derived corrections (e.g., Wood 1974) háve 
been introduced to take account of the more complex chem- 
istries of the naturally occurring mineral assemblages. Most 
recently Nickel (1983), Nickel and Green (1985) have pre- 
sented empirical barometer calibrations based on experi- 
mental data for the CMAS and SiO2 - MgO - A1203 - 
CaO -Cr203 (SMACCR) systems. With the addition of 
thermodynamic /empirical corrections for the influence of 
FeO, their barometric formulations most closely model the 
compositions of naturally occurring garnet lherzolites. 
Applications of all variants of this garnet- orthopyrox- 
ene barometer are subject to possible errors arising from 
uncertainty over the value of the XÁ¡ composition parame- 
ter in orthopyroxenes. The actual mineral reaction which 
forms the basis of this barometer may be expressed as: 
(Mg Fe Ca)2 Si, 06 + (Mg Fe Ca) Al2Si06 
ORTHOPYROXENE 
= (Mg Fe Ca)3 Al, Sta 012 
GARNET 
In more chemically complex orthopyroxenes, any Cr" 
Ti' and Fei+ cations are usually taken to be restricted 
to the M1t61 sites whereas Al' cations are partitioned be- 
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tween the M1t61 and Z14' sites depending on the P- T condi- 
tions of formation. 
Three different approaches are possible for the evalua- 
tion of XÁ1 in orthopyroxenes from mineral analyses, using 
cation contents recalculated to the standard 6 oxygens. 
(1) Alt4t may be calculated as 2.000 -Si4+ and hence 
XÁ,1 as total Al' cations (AIT) minus Alt41. A major prob- 
lem with this is that the Al contents of orthopyroxenes 
in garnet lherzolite assemblages are rather low and hence 
the deduced partitioning of Al' cations between the Ml16' 
and Zt41 sites is seriously prone to even small errors in 
the SiO2 analysis. 
(2) XÁ,1 may be taken simply as half of the total Al' 
cations (AlT). This assumes that all Ala+ cations are present 
as (Mg Fe Ca) AI2SiO6, i.e. Tschermak's molecule type 
substitutions. 
(3) Allowing for the presence of Cr', Ti' and Fe' 
in M1 and Na + in M2 sites, XÁ,1 may be taken as [AIT- 
(Cr3 + + Fe' +2Ti4 +- Na +)]/2. The term (Cr3 + +Fe3i + 
2Ti4+ - Na) corrects for the presence of Al' in Zr4t as 
in MgCrAISiO6i MgFe3 +AlSiO6 and MgTiAl2O6 type 
molecules after first accounting for Cr' + and Fe' com- 
bined with Na + in NaCrSi2O6 and NaFe3 +Si2O6. In the 
event of there being more Na + than (Cr + Fe' +2Ti) then 
the Al' combined with Na + in NaAlSi2O6 has to be sub- 
tracted before calculation of X. 
In several of the barometer variants tested XÁ,1 in ortho- 
pyroxene is taken as A1T /2 as indicated by the original au- 
thors. However, since orthopyroxenes in garnet lherzolite 
assemblages contain significant contents of Cr3+ in particu- 
lar there are strong arguments in favour of using the XÁ,1 
values determined by the third approach (here termed 
XV_cr.), as proposed by Nickel and Green (1985) for ba- 
rometer P9. It should be noted that for three of the barome- 
ters tested (namely P4, P11 and P12), Finnerty and Boyd 
(1984, 1986) have fitted the experimental data concerned 
to equations of the form 
In 
wt %Al2O3Px a +bP +C. 
loo T 
Hence in these particular barometers, aluminium partition- 
ing between orthopyroxene and garnet has been only rather 
crudely assessed as the weight fraction of Al2O3 in the or- 
thopyroxene. 
Summary details of the various barometer calibrations 
tested are as follows: 
P1 : equation (12) of Wood (1974) based on a combina- 
tion of the experimental data of MacGregor (1974) 
for the MAS system and Wood (op. cit.) for the 
FeO- MgO -A1203- SiO2 (FMAS) and CaO - 
FeO - MgO -M203- SiO2 (CFMAS) systems, with 
XÁ,1 taken as AlT /2. 
P2: equation (12) of Wood (1974) but with allowance 
made for Cr' contents by use of the modified XÁ¡ Cr 
orthopyroxene parameter and with modification to 
the (l -y)gt composition parameter to take account 
of Cr substitution for Al in garnet. 
P3: as Pl but with the addition of an extra term relating 
to Ca - Cr interaction in garnet as proposed by Fin- 
nerty and Boyd (1984). 
P4: the Finnerty and Boyd (1984) formulation (A3) based 
on the MAS data of MacGregor (1974). 
P5: equation (5) of Harley and Green (1982), a semi - 
empirical calibration based on experiments in the 
FMAS and CFMAS systems with XÁ,1 in orthopy- 
roxene taken as AIT /2. 
P6: as P5 but with allowance for Cr, Ti and Na contents 
in orthopyroxene through use of the XÁ,lcr composi- 
tion parameter. 
P7: equation (15) of Harley (1984 a) based on FMAS and 
CFMAS experimental data as in Harley and Green 
(1982) but incorporating what was considered to be 
a more rigorous and thermodynamically reasonable 
regular solution model; XÁ,1 taken as A1T /2. 
P8: as P7 but with allowance for Cr, Ti and Na contents 
in orthopyroxene through use of the XÁ,'_cr composi- 
tion parameter. 
P9: equation (9) of Nickel and Green (1985) based on 
experiments in the CMAS and chrome bearing 
SMACCR systems with thermodynamic modelling 
and addition of Fe correction terms. As recom- 
mended, the modified XÁ,1 cr. composition parameter 
has been used in the calculation. 
PIO: equation (105) of Nickel (1983), an empirical barome- 
ter which considers the Cr' content of orthopyrox- 
ene coexisting with garnet, again based on experi- 
ments in the CMAS and SMACCR systems with 
thermodynamic modelling and Fe correction. XtÉr' in 
orthopyroxene is taken as the total Cr' cation con- 
tent in the standard 6 oxygens formula unit. 
1311: the Finnerty and Boyd (1986) formulation from ex- 
perimental data by Perkins et al. (1981) for the MAS 
system, modified by the assumption of linear rather 
than gently curved alumina isopleths. 
P12: the Finnerty and Boyd (1986) formulation from ex- 
perimental data by Perkins and Newton (1980) for 
the CMAS system. 
Results of barometer tests 
To facilitate comparison and assessment of the accuracy 
of the various barometers tested, our calculated pressures 
for the test data set are presented in Table I as differences 
between the calculated and experimentally recorded values. 
In the light of earlier discussion over the procedures 
and compositions used to acquire the experimentally cali- 
brated test data, it is considered that most weight should 
be placed on the Nickel (1983) and Akella (1976) data. 
Results for certain of the Mori and Green (1978) experi- 
ments (notably T9, FF7 and DD3) and for the Kushiro 
et al. (1972) run data are especially suspect probably due 
to poor equilibration. 
All three variants (PI, P2 and P3) based on the Wood 
(1974) data tend to underestimate relative to PExP, though 
P3 least so. Indeed eliminating the anomalously high and 
low values from suspect experimental runs, the majority 
of P3 values are within ± 10% relative of PEXP With the 
most Cr rich samples (TP40C and C2) P3 tends, in fact, 
to slightly overestimate unlike the case with most of the 
other test samples. 
P4, the barometer favoured by Finnerty and Boyd 
(1984, 1986) based on the MacGregor (1974), data, can 
be seen almost invariably to overestimate seriously the pres- 
sures involved - especially for the most chromiferous sam- 
ples. Consequently, we have little confidence in its ability 
to accurately measure the equilibration pressures of natural 
garnet lherzolite assemblages. 
PI I and P12 based on the data of Perkins et al. (j981) 
503 















































TP40 I 1000 35 -5.3 - 4.6 -3.3 +1.4 -4.3 -1.8 - 6.5 -4.3 - 0.9 -3.2 -0.3 -1.8 
TP40 I 1100 35 -4.1 - 3.6 - 1.5 + 4.0 - 3.3 -0.8 -6.0 -3.8 +0.3 -1.4 +1.1 + 0.3 
TP40 I 1200 35 -4.6 - 5.9 - 2.8 + 3.5 -4.4 -4.1 - 7.4 - 7.2 - 2.2 - 3.0 +0.1 -0.8 
TP40 1 1300 35 -2.6 -2.8 -0.5 + 6.3 -3.3 -1.5 -4.8 -3.2 +0.3 same +1.7 +1.6 
TP40 I 1400 35 -3.5 -4.9 -1.5 + 5.9 -4.8 -4.2 - 5.7 - 5.1 -1.1 -0.5 + 0.9 + 0.6 
TP40C 1 1000 35 -5.5 -3.1 -0.7 +1.8 -4.2 +1.7 - 6.4 -1.2 + 2.4 -4.6 same -1.4 
TP40C I 1100 35 -4.4 - 3.4 + 2.0 +4.8 -3.3 + 2.2 -5.8 -1.0 +3.0 -1.4 +1.7 +1.1 
TP40C 1 1200 35 -4.7 - 5.9 same + 4.2 -4.5 -1.8 - 6.8 -4.5 -0.4 -5.1 + 0.6 -0.1 
TP40C 1 1300 35 -2.9 -3.4 +1.9 + 7.1 -3.3 + 0.3 - 5.7 - 2.6 +1.2 - 4.0 + 2.3 + 2.4 
TP40C 1 1400 35 -2.5 - 3.5 +1.9 +8.1 - 3.6 -0.4 - 5.1 - 2.3 +1.8 - 3.8 + 2.5 + 2.8 
N8 2 1100 31 -3.3 -1.8 -2.8 + 3.5 - 3.0 -1.0 - 5.8 -4.1 + 0.8 - 7.9 +1.6 -0.4 
N7 2 1300 31 -0.3 -0.4 +0.5 + 8.3 -1.0 -0.3 -4.4 -3.8 + 2.8 + 0.2 + 4.2 + 3.5 
N10 2 1300 44 -6.5 -5.4 -6.1 +1.4 - 7.3 - 5.7 -11.9 -10.5 -2.7 -15.2 -4.1 -3.2 
N13 2 1100 38 -5.0 -4.7 -4.5 +1.9 - 5.0 - 3.7 - 7.8 -6.9 -1.8 - 8.6 -1.2 -L8 
C2 3 1200 30 -0.4 -2.4 + 3.7 + 8.5 -0.3 - 3.9 - 2.0 -0.8 + 2.4 +1.7 +5.2 +4.3 
DD1 3 1100 40 -3.3 -1.3 -1.5 + 3.3 -3.2 +0.8 - 6.4 - 2.9 + 2.0 -0.6 -0.3 
DD2 3 1200 40 -3.9 -5.2 -2.1 + 4.5 -4.0 - 3.6 - 8.4 - 8.0 -0.8 -1.9 -0.3 + 0.4 
DD3 3 1250 40 +4.6 + 10.4 + 6.2 + 12.0 +4.3 + 12.2 -1.0 + 5.8 + 13.8 -1.2 + 5.2 + 7.8 
DD4 3 1300 40 -2.7 -4.1 -0.8 + 5.4 - 3.2 -2.6 - 7.0 -6.5 -0.5 + 0.8 -0.1 + 0.8 
DD7 3 1250 30 -0.8 +1.0 +1.4 + 8.6 -1.0 + 2.6 -3.6 - 0.4 + 4.4 + 3.8 +4.9 +4.1 
X6 3 1200 30 -6.1 -8.2 -3.5 + 2.8 -6.2 - 6.2 -8.4 -8.3 -3.5 + 7.2 + 0.8 -1.6 
X7 3 1150 30 -3.0 -2.7 -1.2 + 5.2 -2.9 -1.2 -5.5 -4.0 +1.3 + 8.2 + 2.9 +1.1 
X8 3 1100 30 -6.0 -5.0 -4.1 +2.1 - 5.7 -3.1 -7.1 -4.8 -1.6 + 6.0 + 0.8 -0.7 
X9 3 1050 30 -6.2 same -4.3 + 2.4 - 5.5 + 2.2 -6.9 same +4.1 + 0.8 +1.3 - L2 
X11 3 1000 30 -5.0 -4.9 -3.4 + 2.7 -4.0 - 2.8 - 5.8 -4.7 -1.5 + 2.6 +1.8 - 0.6 
FF6 3 1000 30 -1.3 -0.5 +1.1 + 6.3 -0.3 + 2.4 -2.5 -0.1 + 3.5 +1.5 +4.6 + 3.0 
FF7 3 1050 30 + 3.8 +4.6 + 6.4 +11.8 +4.6 + 7.5 +1.4 +3.9 + 8.5 + 5.4 +8.5 + 8.5 
FF8 3 1250 30 -3.5 -5.5 -0.4 + 6.4 -3.6 -3.2 -5.4 -5.1 -0.6 + 7.5 + 3.3 +1.8 
T6 3 1050 30 -4.8 -5.3 -3.4 +4.3 - 3.6 -3.1 - 5.5 - 5.0 -1.0 -10.2 + 2.8 + 0.8 
T7 3 1020 30 -9.1 -6.0 -6.2 -0.1 - 7.9 - 2.9 -9.2 -4.7 -1.3 - 6.2 -0.5 - 3.6 
T8 3 1000 30 -8.0 -7.0 -5.4 +1.0 -6.5 -4.0 - 8.0 - 5.7 - 2.6 - 3.2 + 0.5 -2.4 
T9 3 950 30 -9.0 -8.4 -6.9 -0.5 - 7.2 - 5.3 - 8.7 - 7.0 - 3.8 -1.8 -0.3 - 3.6 
T10 3 1200 30 -5.2 -5.3 -2.5 + 3.4 - 5.3 - 3.2 -6.7 -4.9 -1.2 -0.5 +1.2 -0.9 
TI 3 1150 30 -6.4 -6.4 -2.7 + 3.3 -6.0 - 3.2 - 7.4 -4.9 -1.2 +6.7 + 1.4 -0.8 
T12 3 1100 30 -7.5 -8.8 -4.2 +2.1 -6.6 - 5.6 - 8.8 - 7.9 - 3.6 +5.2 +0.8 -1.7 
KUSH 4 1450 30 + 1.4 -0.1 +9.0 + 14.0 -0.8 +5.4 -1.2 + 2.7 + 5.4 +2.2 + 8.0 + 8.5 
Values of Pour -PExP given in kilobars, temperatures in degrees centigrade 
References to Exp run data: 1 Nickel (1983); 2 Akella (1976); 3 Mori and Green (1978); 4 Kushiro et al. (1972) 
PI Wood (1974) A; P2 Wood (1974) B; P3 Wood (1974) C; P4 MacGregor (1974); P5 Harley and Green (1972) A; P6 Harley 
and Green (1972) B; P7 Harley (1984a) A; P8 Harley (1984a) B; P9 Nickel and Green (1985); P10 Nickel (1983) Cr; P11 Perkins 
et al. (1981); P12 Perkins and Newton 1980) 
and Perkins and Newton (1980), respectively, yield much 
more accurate pressures than P4 (the majority being within 
± 5% of PExP), despite the similarly rather inadequate for- 
mulations involved. There seems to be little to choose be- 
tween the P1 1 and P12 values but P12 is marginally pre- 
ferred on the basis of a more even distribution of over - 
and underestimates relative to PEXP. 
P9, the more complex barometer of Nickel and Green 
(1985) formulated for a multi- component system which 
most closely approaches that of the natural garnet lherzolite 
assemblages, yields values closely comparable to P12. There 
is again an even distribution of over- and underestimates 
relative to PExP, the majority being within ±5% and all, 
bar the three most suspect sample runs, within ± 15 %. P9 
is preferred as a barometer to P12 because of its more com- 
prehensive formulation, its use of the Xñil c parameter and 
the fact that it yields superior pressure estimates for the 
better equilibrated (higher T) runs on the most Cr rich 
samples. 
P5 (Harley and Green 1982) although formulated for 
a multi- component (though Cr -free) system seriously and 
consistently underestimates the pressures (again excluding 
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Table 2. Differences between calculated and experimental temperatures for the tested thermometers 
Sample Ref PEXP TEXP TID T2o T3D T4D 
run 













































































































































+ 35 + 84 + 20 +110 
- 22 + 29 - 32 + 59 
+ 38 + 94 + 49 + 72 
+ 96 +158 +130 + 42 
+124 +190 +177 + 45 
+ 60 +109 + 47 +119 
+ 34 + 86 + 31 + 88 
+ 60 +116 + 73 + 68 
+ 37 + 96 + 61 + 3 
+ 92 +158 +141 + 21 
+ 89 +129 + 91 +118 
+ 23 +66 +43 -22 
+ 64 +161 + 97 - 18 
50 + 9 - 62 same 
- 9 + 28 - 7 + 37 
+ 37 +106 + 36 - 14 
+ 43 +117 + 56 - 34 
+ 63 +142 + 87 + 8 
+ 13 +91 +36 - 6 
+ 49 + 82 + 66 - 22 - 13 + 24 - 11 - 32 
+ 53 + 90 + 57 + 16 
+ 6 +40 - 3 + 24 
+ 39 + 72 + 27 + 44 
- 35 - 5 - 60 + 51 
+ 26 + 58 + 7 + 93 
+ 37 + 71 + 26 + 72 - 45 - 8 - 41 - 41 
- 31 + 1 - 50 + 71 
- 32 - 1 - 55 + 97 
- 9 + 23 - 31 + 99 
- 68 - 39 -102 + 87 - 4 + 32 - 2 - I 
+ 25 +61 +25 + 14 
+ 37 + 72 + 32 + 58 
- 138 - 99 -120 -190 
+ 25 + 18 + 74 + 92 
- 20 - 13 + 34 + 19 
- 3 same + 56 + 33 
+ 33 - 44 +146 + 63 
+ 80 - 50 +230 + 79 
+ 31 - 28 + 79 +104 
+ 13 - 38 + 71 + 56 
+ 9 + 11 + 80 + 51 
- 26 - 85 + 69 + 13 
+ 45 - 37 +185 + 51 
+ 57 + 5 +126 + 94 
- 42 - 58 + 63 - 1 
48 -267 + 47 + 33 
- 81 - 20 - 28 + 1 
- 23 - 33 + 47 - 3 
91 - 22 - 35 + 66 
- 85 + 11 - 7 + 38 
49 -112 + 23 + 44 
- 72 -101 - 6 - 5 
- 65 - 59 + 20 + 31 
75 + 9 + 11 - 2 
- 33 + 15 + 47 + 59 
- 30 - 7 + 46 + 47 
- 14 + 28 + 58 + 85 
- 28 + 30 + 27 + 67 
+ 24 - 1 + 86 + 89 
+ 9 - 40 + 78 + 80 
83 - 64 + 2 - 40 
+ 1 + 8 + 64 + 33 
+ 31 + 17 + 99 + 53 
+ 29 - 15 + 91 + 72 
+ 1 + 47 + 50 + 12 
- 53 + 6 + 25 + 3 
- 35 - 44 + 44 + 40 
+ 8 + 13 + 87 + 64 
- 272 -163 -219 -154 
T11p 
+ 18 +107 + 41 - 20 + 98 _ 6 
+ 92 +136 + 74 
+143 +131 +132 I 
+128 +157 +1561 
+ 46 + 39 + 67 
+ 50 + 72 + 56 
+118 +158 +97 
+ 93 + 80 + 73 
+122 +168 +130 
+117 +110 +106 
+ 75 + 79 + 50 
+124 + 34 +120 
- 55 + 99 - 30 
+ 26 +77 + 9 
+ 62 + 124 + 74 
+111 +194 + 95 
+121 + 60 +110 
+ 82 + 91 +63 
+ 97 +72 +71 
+ 28 +130 + 8 
+ 90 -1-137 + 72 
+ 12 + 99 + 12 
+ 38 +126 + 41 - 79 + 96 - 59 
- 2 + 61 + 13 
+ 29 + 31 + 36' 
- 4 + 60 -25 
- 56 + 91 -41 
- 68 + 96 - 50 
- 47 + 43 - 28 
- 137 +102 -I17 
+ 36 + 124 + 16 
+ 50 + 65 + 38 
+ 54 +119 + 48 
- 81 - 42 -Ill 
spurious results from the experimental sample runs T9, 
FF7, DD3 and KUSH). However, use of orthopyroxene 
composition parameter Xñtl cr rather than XV, significant- 
ly improves the accuracy to the extent that the majority 
of the estimates (P6) are then within + 10% of PExP, most 
notably and significantly for the Nickel (1985) and Akella 
(1976) experimental data. Indeed for the most Cr -rich sam- 
ples, P6 yields results encouraging close to PExP. 
P7, presented by Harley (1984a) as an improved calibra- 
tion based on the same experimental data base as P5 (Har- 
ley and Green 1982), in fact yields poorer pressure valuca, 
in almost all cases underestimating PExP by at least 10% 
and often by much more. The suggestion of Harley (1984 a) 
that Xrashould be taken as Ca +Mn /(Ca +Mn +Mg+ 
Fe') in natural manganese bearing garnets rather than 
as Ca /(Ca +Mg +Fe2 +) has been tested but only serves to 
increase the disparity between PcALc and P. The basis 
for this proposal was that the behaviour of Ca and Mn 
in pyrope -almandine garnets is likely to be essentially ident- 
ical. Use of the alternative orthopyroxene parameter XÁ 1 Cr 
rather than XÁ1' in the Harley (1984a) barometer has been 
tested as P8 and does help to reduce the disparities between 
PCALC and PEXP. However, as most P8 values are still serious 
underestimates of PExP, this barometer seems best rejected. 
Indeed it can be noted that Harley (1984b) himself noted 
that the Harley (1984a) barometer consistently underesti- 
mated P relative to the Harley and Green (1982) calibration, 
especially when measured values of KFeI1 X are high. How- 
ever, the latter values can scarcely be regarded as high in 
the data tested here. 
Finally, it is apparent from Table I that P10, the Cr 
barometer of Nickel (1983), yields mostly less accurate P 
estimates than the preferred Al barometer (P9). Whilst some 
of the inconsistent results may be attributable to analytical 
errors with the relatively low levels of XV,' in some orthopy- 
roxenes, the serious underestimates for most of the Cr -rich 
TP40C runs and 3 out of 4 of the Akella (1976) runs are 
particularly disconcerting and probably signal poor Cr 
equilibration between the mineral phases in these experi- 
ments. Indeed Nickel (1983) has indicated that disequilibri- 
um Cr /(Cr +Al) zoning was apparent in garnets in experi- 
ments with the TP40C composition, especially at the lower 
temperatures. Hence we conclude that the Cr barometer 
(P10) should be used with caution and generally limited 
to samples where XVr' > 0.1 in orthopyroxene and adequate 
chemical equilibration is likely. 
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T12 T12Ri, T13p T13Rp T14p T15o T16p T17p TS7Rr, T18o T19p T19Rp T20i, T20Ro T'p 
+ 75 + 37 + 61 + 21 +133 + 41 + 32 - 10 - 10 same +25 
+ 54 + 46 + 44 + 36 + 97 - 1 + 17 - 57 - 41 - 12 -13 
+ 11 +122 + 5 +124 + 51 -115 + 9 -190 - 95 -165 + 4 
+ 66 +116 + 71 4 ::' + 84 -132 +138 + 5 + 80 +344 +34 
+ 48 + 48 + 60 + ) + 53 -346 +167 - 7 - 7 +630 +64 
+ 80 + 50 + 66 + 33 +133 + 41 + 22 - 4 +120 + 1 +31 
+ 91 +100 + 84 + 94 +118 + 18 + 31 - 28 - 16 + 31 +20 - 19 + 46 -- 27 + 43 + 19 -164 - 50 - 81 + 16 + 49 - 9 
+ 4 - 6 + 5 - 6 + 22 -259 + 11 -108 -108 +114 -11 
+ 9 +117 + 17 +136 + 12 -318 + 70 - 61 +126 +422 +27 
-161 -405 -180 -431 - 75 -263 -125 -154 -169 -155 +57 - 85 -325 - 90 -343 - 39 -217 - 45 -238 -326 - 99 -64 
- 45 -286 - 52 -306 + 1 -170 - 44 -208 -348 -200 -10 
- 41 -668 - 57 -696 + 26 -118 - 86 - 66 -101 - 44 -67 
same +226 - 5 +239 + 35 -135 + 2 - 48 +322 +205 + 12 +786 - 30 +570 -17 
+147 -142 +141 -164 +193 +197 +170 - 22 + 1 + 23 + 60 +103 + 59 + 92 -25 
- 1 -230 - 1 -251 + 42 - 2 - 30 +142 - 75 - 7 -113 same - 84 + 8 - 8 
- 70 + 29 - 80 + 26 - 19 -400 - 84 -209 - 63 -203 -179 + 76 -178 + 31 +19 
- 93 -164 -101 -177 - 47 -312 -102 -230 -216 -199 -163 -137 -185 -164 -18 
+ 3 -210 + 2 -224 + 31 -157 + 33 -158 -147 + 15 - 22 + 1 - 56 - 38 -38 
- 8 - 74 - 14 - 84 + 32 -101 + 9 -126 -304 + 33 -132 - 22 -126 - 43 -83 
- 2 -154 - 40 -171 + 47 - 80 + 6 -131 + 96 - 33 - 96 - 35 - 89 - 43 -43 
+ 90 + 90 + 84 + 84 +132 + 22 +107 - 41 -105 + 99 + 17 + 17 + 14 + 14 -21 
+ 76 + 56 + 66 + 45 +122 + 51 + 54 - 19 + 39 + 81 + 25 +129 + 43 +122 - 6 
+ 76 + 3 + 63 -113 +131 + 37 + 49 - 39 - 63 - 3 + 21 +104 + 46 +184 -18 
+ 1 +34 -15 + 19 +64 -22 -48 -41 + 7 + 7 - 7 +77 +24 +87 +2 
+ 17 - 15 + 4 - 30 + 72 - 16 - 16 - 78 - 40 - 33 - 97 - 37 - 60 - 15 + 6 
- 22 - 40 - 25 - 44 + 6 -153 - 15 - 95 -173 +159 + 52 + 52 + 8 + 8 -70 
+ 23 - 51 + 11 - 66 + 64 - 37 - 47 - 35 + 54 + 29 - 55 + 87 - 18 + 95 -12 
+ 72 + 91 + 61 + 81 +113 + 19 + 15 - 20 + 7 + 35 + 7 + 52 + 43 + 78 +24 
+81 +76 +64 +69 +121 +49 +14 -19 +10 +14 + 12 +62 +53 +92 +24 
+ 97 - 15 + 84 - 42 +141 + 72 + 21 - 24 - 24 - 38 - 9 - 9 + 50 + 50 - 8 
+ 79 -223 + 79 -240 +106 - 5 +129 - 74 -107 +150 +148 +233 + 81 +146 -64 
+ 93 -148 + 94 -163 +114 + 14 + 89 - 35 - 1 +152 + 75 +547 + 60 +426 -35 
+ 60 - 99 + 53 -114 + 90 - 32 + 16 - 87 - 68 - 22 + 13 +155 + 34 +145 +20 
-220 -1432 -223 -1447 -206 -400 -264 -296 -457 - 76 -142 +384 -186 +240 - 
Values of TD= TCALC- Texr given in degrees centigrade; pressures in kilobars 
Two pyroxene solvus thermometers: TI Lindsley and Dixon (1976) 20 kbar; T2 Lindsley and Dixon (1976); T3 Finnerty and Boyd 
(1986); T4 Wood and Banno (1973); T5 Wells (1977); T6 Sachtleben and Seek (1981); 77 Mori and Green (1978); T8 Kretz (1982); 
79 Nickel and Brey (1984) En; T10 Nickel and Brey (1984) Di; T11 Nickel et al. (1985) 
Kc : cP " thermometers: T12 Ellis and Green (1979); T13 Powell (1985); T14 Ganguly (1979); T15 Saxena (1979); T16 Mori and Green (1978) 
KW,' ópg thermometers: T17 Harley (1984b); T18 Mori and Green (1978) 
41,2,`_-612 thermometers: T19 O'Neill and Wood (1979); T20 Kawasaki 
7* - `Best' estimate (see text) 
Thermometers tested 
We report here on the ability of a total of 20 different 
thermometer formulations to reproduce the experimental 
temperatures of the same test data. These thermometers 
fall into two principal groups depending upon the nature 
of the element exchange reactions involved. 
A. Thermometers based on the two pyroxene solvus 
The extent of mutual solubility between coexisting Ca -rich 
and Ca -poor pyroxenes has long been recognised to provide 
a valuable and sensitive thermometer, especially at tempera- 
tures above about 900° C (e.g., Boyd and Schairer 1964; 
Davis and Boyd 1966; Boyd 1973). However, more recent 
experimental data have also demonstrated a significant 
pressure influence on this miscibility gap (e.g., Lindsley and 
Dixon 1976; Mori and Green 1975; Brey and Huth 1984). 
Thus two -pyroxene solvus thermometer calibrations which 
do not include a pressure correction term are suspect out- 
side of the experimental pressure range used to establish 
the calibration. Numerical formulations of these thermome- 
ters (e.g., Finnerty and Boyd 1984, 1986; Nickel and Brey 
1984; Nickel et al. 1985) have been favoured over graphical 
methods (e.g., Lindsley and Dixon 1976; Lindsley 1983; 
Davidson and Lindsley 1985) because of ease of applica- 
tion. 
Most experimental data on which the various formula- 
tions of the two -pyroxene solvus thermometer are based 
are for the simple diopside- enstatite (CMS) system. How- 
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ever, Wood and Banno, followed by Wells (1977), pioneered 
the development of thermodynamic formulations based on 
a simple ideal solution model for the coexisting pyroxenes 
designed to take account of the influence exerted on the 
Ca' + - Mg- + exchange reaction by the presence of other 
elements (notably Fe) occupying M1 and M2 sites. Never- 
theless, as cautioned by Nickel et al. (1985), there remains 
considerable uncertainty over the correct thermodynamic 
model to be applied to the pyroxene miscibility relation- 
ships and hence thermometer formulations based primarily 
on data for the simple CMS or CMAS systems are of doubt- 
ful validity when applied to the more chemically complex 
natural pyroxenes. 
Here we have tested the following formulations of the 
two -pyroxene solvus thermometer: 
TI : the formulation (Al) derived and recommended by 
Finnerty and Boyd (1984), based on the Lindsley and 
Dixon (1976) CMS data at 20 kbar without any pres- 
sure correction term. 
T2: as T1 but also incorporating a pressure correction 
term based on the Lindsley and Dixon (1976) data. 
T3: the empirical fit of the diopside limb of the solvus 
as derived and recommended by Finnerty and Boyd 
(1986). It incorporates a P correction based on the 
experimental data of Brey and Huth (1984), Nickel 
and Brey (1984). 
T4: the semi -empirical formulation [Eq. (27)] of Wood 
and Banno (1973). No pressure term involved. 
T5: the semi -empirical formulation [Eq. (5)] of Wells 
(1977), effectively a revised version of T4 - again 
without a pressure correction term. 
T6: the formulation of Sachtleben and Seck (1981) de- 
rived for the enstatite limb of the solvus from the 
Lindsley and Dixon (1976) CMS data at 15 kbar. 
No pressure term incorporated. 
T7: the formulation of Mori and Green (1978) based on 
their experimentally determined phase equilibria for 
natural compositions - again without a pressure cor- 
rection term. 
T8: the formulation [Eq. (19a) or (19b), depending on 
temperature] of Kretz (1982) based on a combination 
of CMS data (Lindsley and Dixon 1976) and natural 
pyroxene data. No pressure term involved. 
T9: the formulation [Eq. (4)] of Nickel and Brey (1984) 
for enstatite component exchange between pyroxenes 
derived from a thermodynamic regular solution mod- 
el applied to their CMS experimental data, with pres- 
sure term incorporated. Enstatite component calcu- 
lated as [1-2Ca/(Ca + Mg)], as recommended by Fin- 
nerty and Boyd (1986), in order to minimise the influ- 
ence of additional elements present in the M1 and 
M2 sites of natural pyroxenes. 
T10: the formulation [Eq. (5)] of Nickel and Brey (1984) 
for diopside component exchange between pyrox- 
enes. Similar derivation to T9, again with a pressure 
correction term. Diopside component calculated as 
2Ca/(Ca + Mg), as recommended by Finnerty and 
Boyd (1986). 
T11: the empirical formulation [Eq. (1)] of Nickel et al. 
(1985) for enstatite component exchange between py- 
roxenes based on their CMS and CMAS data, with 
pressure correction term. Enstatite component calcu- 
lated as in T9. 
B. Thermometers based on FeZ' - Mg- + 
exchange between minerals 
Several experimental studies (e.g., Ellis and Green 1979; 
Mori and Green 1978; O'Neill and Wood 1979; Harley 
1984 b) have demonstrated that Fe' - Mg' exchange re- 
actions between coexisting mineral phases encountered in 
garnet lherzolite assemblages are strongly temperature de- 
pendent and thus provide the bases for sensitive thermome- 
ters applicable to such assemblages. As pressure exerts a 
significant, though lesser, influence such thermometers 
should also include a pressure correction term. 
A serious problem with the application of such ther- 
mometers arises from uncertainty over the oxidation state 
of iron in minerals analysed by electron microprobe. An 
assumption that all iron is present as Fe' in the mineral 
phases of upper mantle derived garnet lherzolite xenoliths 
in kimberlites might perhaps be justified by the strongly 
reduced nature of the mineral assemblages as witnessed by 
the occasional presence of diamond or graphite (cf., Hag- 
gerty 1986). Also with good quality microprobe analyses, 
stoichiometric charge balance calculations generally pro- 
vide little evidence of significant Fe" contents in the con- 
stituent garnets and pyroxenes. There is, however, uncer- 
tainty over the oxidation state of iron under the experimen- 
tal procedures used to generate the experimentally cali- 
brated test data. Also in some experiments Fe loss to cap- 
sules appears to have been a problem. Hence possible differ- 
ent rates of loss of Fe from different minerals may affect 
the application of thermometers based on Fe' Mg' ex- 
change reactions between coexisting minerals. 
Nickel (1983) has reported that some Fe' was present 
in the initial compositions but was probably mostly reduced 
to Fe" under experimental conditions. Stoichiometric 
charge balance calculations suggest the presence of at most 
only minor amounts of Fe' in the resulting garnets and 
pyroxenes. The Nickel (1983) data for the highest tempera- 
ture experiments (1300 and 1400° C) may be expected to 
be the most reliable for application of Fe' -MgZ+ ex- 
change reaction thermometers because of the use of graph- 
ite lined capsules and elimination of Fe loss. 
Graphite capsules with tight fitting lids were also used 
by Akella (1976) to avoid Fe loss. However, stoichiometric 
charge balance calculations for these mineral data indicate 
significant Fe' contents, especially in the clinopyroxenes. 
However, it is uncertain as to whether these are real or 
reflect poor mineral analyses, though we suspect the latter. 
The same is true for the Kushiro et al. (1972) data, but 
as the results of all applications of thermometers and ba- 
rometers to this data set are poor (suggesting unsatisfactory 
equilibration) they seem best rejected. 
Oxygen fugacities were apparently not controlled in the 
experimental runs of Mori and Green (1978). Also Fe loss 
was suspected in many runs. Hence caution is necessary 
over application of Fe' Mg" exchange thermometers 
to this data set. Accordingly, it seemed appropriate to con- 
sider temperatures calculated both on initial mineral analy- 
ses which assume all Fe as Fe' and on recalculated analy- 
ses with respective Fe' and Fe' contents calculated by 
stoichiometric charge balance. 
The full list of the various FeZ+ Mg' exchange reac- 
tion thermometers which we have tested is as follows, with 
grouping into sub -groups: 
Bl. Thermometers based on Fez + - Mgt + 
exchange between garnet and clinopyroxene 
TU: equation (9) of Ellis and Green (1979) based on their 
experiments in the CFMAS system. 
113: equation (17) of Powell (1985), being a slightly modi- 
fied version of T12 derived through a more rigorous 
mathematical assessment of the experimental data of 
Ellis and Green (1979) together with that of Raheim 
and Green (1974). 
T14: the formulation [Eq. (1Oa or l0b), depending upon 
temperature] of Ganguly (1979) which involved ther- 
modynamic extrapolation of selected experimental 
data to compositions in the CFMAS + MnO system. 
115: the formulation [Eq. (10)] of Saxena (1979) which 
involved thermodynamic extrapolation of experimen- 
tal data to compositions in the CFMAS +MnO+ 
Na2O system. 
T16: the formulation of Mori and Green (1978) based on 
their experimental phase equilibria for natural com- 
positions. Note that it does not involve a pressure 
correction term. 
Thermometers based on Fez + - Mg' 
exchange between garnet and orthopyroxene 
T17: equation (11) of Harley (1984b) based on experimen- 
tal data in the FMAS and CFMAS systems. 
T18: the formulation of Mori and Green (1978) based on 
their experimental phase equilibria for natural com- 
positions - without pressure correction term. 
Thermometers based on Fez + Mg' 
exchange between garnet and olivine 
T19: the formulation [Eq. (26, 27)] of O'Neill and Wood 
(1979), as corrected by O'Neill and Wood (1980), 
based on thermodynamic extrapolation of their ex- 
perimental data for the FMAS and CFMAS systems. 
T20: the formulation [Eq. (9)] of Kawasaki (1979) based 
on a thermodynamic analysis of experimental data 
for the FMAS system. 
Results of thermometer tests 
Temperatures calculated for the test data set using the 20 
different thermometer formulations tested here are pre- 
sented in Table 2 as the differences between the calculated 
and experimentally recorded values. As might be expected 
from earlier comments, the results for the Kushiro et al. 
(1972) experimental data are consistently poor and seem 
best ignored. For several other samples, most notably DD3, 
DD4, T10 and T11 of Mori and Green (1978), chemical 
equilibration of Fe' and Mg" between the mineral 
phases appears to have been poor. It is noteworthy that 
these suspect data are for samples with only relatively short 
(i.e. 1 h) experimental run times. More surprising are the 
poor results for Fez+ Mgz+ exchange thermometers ap- 
plied to garnet, clinopyroxene and orthopyroxene in the 
Akella (1976) experiments. Stoichiometric charge balance 
calculations point to the possibility to significant Fe3+ con- 
tents in all three minerals in these experimental products. 
However, calculated temperatures which take these Fe' 
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contents into consideration (T12R, T13R, T17R,'1'19R and 
T20R) are even worse (Table 2) than those based on the 
assumption of all Fe as Fe'. Moreover, graphite capsules 
with tight fitting lids were reportedly used in order to avoid 
Fe loss and oxidation. We can only conclude that either 
the mineral analyses concerned are of unsatisfactory quality 
or that Fe and Mg compositional inhomogeneities have 
persisted in these particular run products. 
Thermometers based on the two - pyroxene solvus 
T5 (Wells 1977) is judged to be the currently best available 
calibration of the two -pyroxene solvus for assemblages 
equilibrated at less than about 37 kbar. It yields tempera- 
tures encouragingly close to TExP (within ±50° C) for all 
but one of the Nickel (1983) experimental run data. It does 
not, however, include a term to correct for the influence 
of pressure on the pyroxene miscibility relationship and 
hence there are indications, from the test data for 
38-44 kbar experiments, that as a result it underestimates 
T at such higher pressures. Indeed at P> 37 kbar, amongst 
the various calibrations of the two -pyroxene solvus T4 
(Wood and Banno 1973) and T8 (Kretz 1982) yield temper- 
atures closest to TExP. These results seem fortuitous, how- 
ever, since again neither calibration actually includes a pres- 
sure correction term. Moreover, there is clear evidence that 
both T8 and, especially, T4 seriously overestimate TExP at 
the lower temperatures (T< 1 100° C). 
Our calculations indicate that, for the majority of exper- 
imental data, T3 (the formulation favoured by Finnerty 
and Boyd 1986) yields temperatures more disparate from 
TExP than T5 (Wells 1977). In particular, T3 consistently 
yields substantial (50 -150° C) overestimates for the higher 
temperature (T> 1200° C) run data. 
T9 (Nickel and Brey (1984), enstatite component ex- 
change - with X2',' calculated as [1- 2Ca /(Ca - Mg)] as sug- 
gested by Finnerty and Boyd (1986), yields temperatures 
reasonably close to TExP for the lower T run data of Nickel 
(1983). However, for the higher T run data (T> 1200° C) 
it habitually overestimates (like T3) relative to TExP, typi- 
cally by some 100° C. The complimentary thermometer T10 
(Nickel and Brey 1984, diopside component exchange) is 
judged to be even less satisfactory than T9 since it also 
yields unreliable temperatures for the lower T run data, 
probably because of insensitivity due to the low concentra- 
tions of diopside component in the orthopyroxenes at these 
lower temperatures. In cautioning against use of the T9 
and T10 thermometers in natural garnet iherzolite assem- 
blage, we note that Nickel and Brey (1984) themselves con- 
sidered the equations which they presented for enstatite and 
diopside exchange reactions in coexisting pyroxenes based 
on CMS data to provide only "a good starting point for 
a development or more reliable thermometers based on the 
miscibility gap ". 
T11 (Nickel et al. 1985) yields gross overestimates 
(mostly > 200° C) relative to TExP if, as indicated by these 
authors, the enstatite component in the pyroxenes is calcu- 
lated as [(1- (Al /2)) x (1 -Ca)]. However, as emphasised 
by Nickel et al. (1985), this formulation is only for pyroxene 
compositions within the CMS and CMAS systems and is 
invalid for natural pyroxenes, especially those with signifi- 
cant Na contents. A modified calculation of T11 (with the 
enstatite component taken as [1-2Ca/(Ca + Mg)], in an at- 
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tempt to minimise the influence of other elements present 
(Finnerty and Boyd 1984, 1986), yields temperatures (as 
tabulated in Table 2) which are certainly closer to TEXP 
but are still mostly inaccurate. Indications are that with 
this modified formulation T11 still tends to yield overesti- 
mates relative to TEXP for the higher T (>1200° C) experi- 
mental data but by contrast tends to underestimate at the 
lowest temperatures ( <1100° C). 
T1 (based on Lindsley and Dixon 1976 with P fixed 
at 20 kbar - as recommended by Finnerty and Boyd 1984 
but now superseded in their opinion by T3) yields values 
reasonably close to TEXP for the lower temperature data 
but, as with T3 and T9-11, again consistently overestimates 
at temperatures over 1200° C. T2 (based on Lindsley and 
Dixon (1976), with pressure correction) is even more inaccu- 
rate, almost invariably overestimating relative to TExP - 
especially for the highest P -T data. Errors are at least 
in part attributable to the fact that the pressure influence 
on the miscibility gap is likely to be appreciably less (Brey 
and Huth 1984; Nickel and Brey 1984) than indicated by 
Lindsley and Dixon (1976). 
T6 (the simple formulation derived by Sachtleben and 
Seck (1981) for the enstatite limb of the solvus from the 
Lindsley and Dixon (1976) CMS data at 15 kbar) somewhat 
surprisingly yields temperatures within ±50° C of TEXP for 
most of the test samples. However, indications are that, 
in the absence of a P correction term, T6 tends to increas- 
ingly underestimate relative to TEXP as pressures increase. 
Thermometers based on Fe' Mg" 
exchange between garnet and clinopyroxene 
The best calibrations of this thermometer are undoubtedly 
T12 (Ellis and Green 1979) and T13 (Powell 1985). Differ- 
ences between T12 and T13 values are small (mostly 
<15° C). However, there are indications that T12 more 
closely reproduces TExP at temperatures over 1200° C 
whereas T13 seems preferable below 1200° C where it yields 
values which are slightly lower than T12 and closer to TExP. 
Despite some uncertainty over the possible presence of 
some Fe" in the constituent mineral phases of some experi- 
mental studies (especially those of Mori and Green 1978), 
temperatures calculated assuming all Fe as Fe' are, in 
the great majority of cases, closer to TExP than those where 
Fe' contents calculated by stoichiometric charge balance 
have been taken into consideration (T12R and T13R). Only 
in samples DD3, X11 and T9 of Mori and Green (197 &) 
are the latter values significantly closer to TEXP, whilst in 
other samples gross disparities from TEXP are apparent. 
Since calculated Fe /Fe" ratios in minerals are highly 
susceptible to any analytical errors (notably in Si02), it 
is recommended that greater weight should be placed on 
temperatures calculated assuming all Fe is present as Fe'. 
However, where small amounts of Fe' do exist in garnets 
and clinopyroxenes (especially the latter) such temperatures 
may be expected to be slight overestimates. This may ex- 
plain why, when calculated on this basis, the T12 and T13 
values tend to overestimate relative to TExP. 
T14 (Ganguly 1979) and T16 (Mori and Green 1978) 
both tend to yield overestimates relative to TEXP, although 
indications are that T14 most seriously overestimates below 
1200° C whereas T16 overestimates worst at the higher tem- 
peratures. T15 (Saxena 1979) is the least satisfactory of 
the thermometer calibrations based on Fe" MgZ + ex- 
change between garnets and clinopyroxene. typically under- 
estimating relative to TExP by at least 100° C at around 
1200° C and by 300° C at around 1400° C. 
Thermometers based on Fee + - Mg2' 
exchange between garnet and orthopyroxene 
T17 (Harley 1984b) is judged to be a more reliable calibra- 
tion than T18 (Mori and Green 1978) but even so mostly 
yields temperature underestimates relative to TExP. Some 
of the worst results are for samples (such as DD3 and DD4) 
for which we have serious doubts over whether satisfactory 
Fee+ -Mg2+ equilibration between the mineral phases was 
achieved during the experiments. Consideration of just 
small amounts of Fe' in either garnet or orthopyroxene, 
calculated by stoichiometric charge balance (T17R), leads 
to rather erratic variations from the temperatures calculated 
assuming all Fe is present as Fee + and from TExP 
T18 generally yields highly inaccurate results, especially 
at the higher temperatures where it frequently overestimates 
by > 100° C relative to TExP. 
Thermometers based on Fee + Mg2 + 
exchange between garnet and olivine 
The absence of analytical data for olivines in the Nickel 
(1983) and Akella (1976) experiments means that tests on 
these thermometers are restricted to the data of Mori and 
Green (1978) and Kushiro et al. (1972). Unfortunately, the 
latter yield unacceptable temperatures for the same reasons 
as before. 
Results for the two different formulations tested, name- 
ly T19 (O'Neill and Wood 1979, 1980) and T20 (Kawasaki 
1979) are rather inconsistent in their ability to reproduce 
TExP. This may well reflect the uneven quality of the Mori 
and Green (1978) data. Certainly the results for samples 
DD3, DD4, TIO and T11 are especially poor, but as they 
also yielded inaccurate temperatures on consideration of 
Fe' Mg2 + exchange between garnet -clinopyroxene and 
garnet -orthopyroxene pairs overall, unsatisfactory equili- 
bration with respect to FeZ+ Mg2 + partitioning seems lik- 
ely in these particular samples. As far as the other test 
samples are concerned, T19 yields values mostly rather 
closer to TEXP than T20 and is therefore preferred. Whilst 
in some of these samples (C2, X8, X9, X11, T7, T8 and 
T9) the assumption that all Fe is present as Fee +in both 
minerals yields satisfactory temperatures, in certain others 
(DD2, DD7, FF7 and X8) calculations which take account 
of Fe' contents in garnets calculated by charge balance 
yield temperatures (T19R and T20R) closer to TExP. How- 
ever, the Fe' contents calculated in these garnets may 
be spurious rather than real (a consequence of poor quality 
microprobe analyses) as for certain are those calculated for 
the garnets in samples C2 and X11. 
Conclusions and strategy for determination of P -T 
equilibration conditions for garnet lherzolite assemblages 
Our results indicate that the barometer -thermometer com- 
binations favoured by Finnerty and Boyd (1984 and 1986) 
represent unfortunate choices and can both be expected 
to yield incorrect values for the pressures and temperatures 
of equilibration of most mantle derived garnet lherzolite 
xenolith assemblages. Such P- T values will in turn lead 
to incorrect assessment of the depths of origin of many 
such xenoliths. We consider the erroneous P -T values to 
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be a consequence of the fact that both their favoured ba- 
rometer (P4: MacGregor 1974) and thermometers (Ti : 
Lrndsley and Dixon 1976 at 20 kbar; T3: Finnerty and 
Boyd 1986) have been formulated from experimental data 
for simple MAS, CMS and CMAS systems and do not 
adequately take account of the influence exerted on the 
dement exchange reactions by the presence of other ele- 
ments in the structural sites of the minerals concerned. 
From the results of our tests we conclude that the most 
accurate pressures for garnet lherzolite assemblages equili- 
brated under uppermost mantle P -T conditions are those 
provided by P9, the barometer of Nickel and Green (1985). 
In our view this is the only barometer formulation currently 
available which adequately takes account of the profound 
influence of XÁ1° in orthopyroxene coexisting with garnet 
that results from the presence of significant Cr and Fe con- 
tents. Even with P9 (Nickel and Green 1985) there are some 
indications that pressures may be somewhat overestimated 
in the case of particularly chromiferous assemblages (i.e. 
XM,1>0.02 in orthopyroxene), especially when spinel is 
present as an additional phase incorporating Cr and AI. 
We feel unable to select with the same conviction a 
single `best' thermometer for garnet lherzolite xenolith as- 
semblages. In our view none of the 11 different formulations 
of the two -pyroxene solvus thermometer tested is satisfacto- 
ry throughout the whole P- T range of interest but T5 
(Wells 1977) is judged to be the least unsatisfactory. It con- 
siders M1 and M2 site occupancies by elements additional 
to Ca and Mg but lacks a pressure correction term and 
as a result increasingly underestimates the equilibration 
temperature for pressures above about 37 kbar. By contrast 
T3 (Finnerty and Boyd 1986) does not adequately take ac- 
count of the influence of elements other than Ca and Mg 
on the pyroxene solvus but probably contains a satisfactory 
pressure correction term. Our assessment is that T3 is some- 
what less accurate than T5 over the P- T range covered 
by our tests (950 --1450° C; 30-44 kbar) and in particular 
seriously overestimates T above 1200° C. Since equilibra- 
tion temperatures and pressures may be expected in general 
to increase together for garnet lherzolite assemblages in 
mantle derived xenolith suites, and the deduced errors in 
T3 and 15 are in opposite directions in the highest P- T 
samples tested, we rather tentatively conclude that at pres- 
ent the two -pyroxene solvus temperature for assemblages 
equilibrated at P> 37 kbar is most accurately reproduce& 
by the average of the values obtained from the thermometer 
formulations T3 (Finnerty and Boyd 1986) and T5 (Wells 
1977). 
As none of the two -pyroxene solvus thermometer for- 
mulations is entirely satisfactory, we consider it prudent 
o also take account of the equilibrium temperatures indi- 
cated by thermometers based on the Fee+ - Mg2 + exchange 
reactions between mineral pairs in garnet lherzolite assem- 
blages, despite uncertainty over whether all Fe is present 
as FeZ+ in these minerals. 
FeZ + - Mg2 + exchange between garnet and clinopyrox- 
ene is especially temperature sensitive. From our tests we 
Judge T12 (Ellis and Green 1979) to be the most accurate 
calibration of this thermometer when T> 1200° C but TI3 
(Powell 1985) to be somewhat superior when T< 1200° C. 
However, there are indications that, when all Fe is assumed 
10 be present as Fe", both T12 and T13 tend to slightly 
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overestimate actual equilibration temperatures. This sug- 
gests that small amounts of Fe' may often be present, 
especially in the clinopyroxenes. T17 (Harley 1984) is 
judged to be the most accurate calibration available for 
Fe' -Mg' exchange between garnet and orthopyroxene 
but nevertheless appears to fairly consistently underestimate 
actual equilibrium temperatures. Finally T19 (O'Neill and 
Wood 1979, 1980) is considered to be the best available 
calibration for Fe2 + Mg' exchange between garnet and 
olivine. It does not appear to consistently over- or underes- 
timate and the fact that it is rather erratic in its ability 
to reproduce the actual run temperatures in our test samples 
is considered more likely to reflect inconsistent Fe' 
Mg2+ equilibration between garnet and olivine in the Mori 
and Green (1978) experiments than any inherent error in 
this thermometer calibration. 
From these observations, and taking note of the fact 
that expected errors from T12 /T13 for garnet -clinopyroxene 
pairs and TI7 for garnet -orthopyroxene pairs are likely to 
be in opposite directions, we conclude that as far as the 
Fee + Mgt + exchange reaction thermometers are con- 
cerned it is best to calculate a mean value from T12 or 
T13 (depending on temperature), T17 and T19 for each 
assemblage. However, we consider it advisable to reject any 
individual value derived from these thermometers which 
differs by > 75° C from the calculated two -pyroxene solvus 
temperature for that assemblage. Unsatisfactory and spuri- 
ous results may arise in specific instances from analytical 
errors, compositional inhomogeneities (inadequate equili- 
bration) or the presence of Fe'. 
Our final `best' equilibration temperature value (T *; 
Table 2) for each garnet lherzolite assemblage is then an 
average of the assessed two -pyroxene solvus and Fee+ 
Mg' exchange reaction temperatures derived as outlined 
above. Inspection of Table 2 shows that the T* values are 
within 35° C of TExP for 26 out of 34 of the test samples, 
a significantly better result than that obtained by applica- 
tion of any single thermometer. Moreover, the less accurate 
results for at least some of the aberrant test samples (nota- 
bly N8, N7 and N13 of Akella 1976) are probably attribut- 
able to unsatisfactory mineral analyses or compositional 
inhomogeneities. 
P -T results calculated by our preferred calibrations 
and procedures for actual garnet lherzolite xenolith suites 
and discussion of their implications will be presented else- 
where. 
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Garnet lherzolite xenoliths in the kimberlites 
of northern Lesotho : revised P -T equilibration conditions 
and upper mantle Palaeogeotherm 
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Abstract. Evidence is presented that the inflected palaeo- 
geotherm for northern Lesotho. previously highlighted by 
Boyd (1973). Boyd and Nixon (1973. 1975). Finnerty and 
Boyd (1984. 1987). is essentially an artifact of the unsat- 
isfactory. over -simplified barometer formulation (based on 
MacGregor 1974) employed. The absence of an inflection 
in the palaeogeotherm for Udachnaya, Siberia based on 
P -T estimates for garnet lherzolite xenoliths calculated with 
the same barometer, does not prove the reality of an in- 
flected palaeogeotherm for northern Lesotho. Rather, it re- 
flects, at least in part, chemical differences between the 
equivalent deformed, high -T xenoliths in these two areas 
- most importantly expressed in the respective contents of 
jadeite relative to ureyite in the constituent orthopyroxenes. 
Accurate estimation of P -T equilibration conditions for 
garnet lherzolite xenoliths requires both complete and pre- 
cise mineral analyses and adequate consideration of the in- 
fluence of minor elements, such as Cr and Na, on the ele- 
ment exchange reaction thermometers and barometers em- 
ployed. The barometer formulation of Nickel and Green 
(1985) is judged to be the best currently available. As no 
single thermometer is entirely satisfactory and dependable 
throughout the P -T range of interest, equilibration temper- 
atures are currently best assessed as a mean value obtained 
from application of the most accurate formulations for both 
the two -pyroxene solvus thermometer ( Bertrand and Mer- 
cier 1985) and Fe' - Mg' exchange reactions between 
garnet -clinopyroxene (Powell 1985), garnet -orthopyroxene 
(Harley 1984a) and garnet -olivine (O'Neill and Wood 1979) 
mineral pairs. Such 'best' P -T estimates for xenoliths in 
the kimberlites of northern Lesotho indicate a somewhat 
elevated, non -inflected, upper mantle palaeogeotherm, 
compatible with a 120 -145 km thick thermally conductive 
lithosphere above a convecting asthenosphere. The com- 
mon coarse textured, chemically depleted, garnet lherzolite 
xenoliths appear mostly to have originated from close to 
the base of the lithosphere whilst the contrasting deformed, 
higher T, more chemically fertile xenoliths have come from 
the underlying asthenosphere. There is evidence for slight 
variations in the heat flux within the mantle beneath north- 
ern Lesotho at the time of emplacement of the Thaba Put - 
soa and Mothae kimberlites, only some 16 km apart, and 
also possibly for a regional variation in the thickness of 
the lithosphere. 
Background 
Boyd (1973), Nixon and Boyd (1973 a), Boyd and Nixon 
(1973. 1975) pioneered the application of element exchange 
reaction thermobarometers to mantle -derived garnet lher- 
zolite xenolith suites encountered in kimberlites. Calculated 
equilibrium pressures (P) and temperatures (T) for individ- 
ual xenoliths have been taken to indicate prevailing P- T 
conditions in the upper mantle immediately prior to en- 
trainment in the enclosing kimberlite, and the array of P- T 
points defined by an analysed suite of xenoliths at a particu- 
lar kimberlite locality taken to represent the upper mantle 
geotherm beneath the area at that time. 
Garnet lherzolite xenoliths with contrasting coarse 
(granular) or deformed (sheared) textures (Boullier and Ni- 
colas 1973; Harte 1977) have been documented by Nixon 
and Boyd (in Nixon 1973) from various kimberlite localities 
in northern Lesotho, southern Africa. The majority of their 
analysed xenoliths were from the Thaba Putsoa and 
Mothae pipes but individual' samples from the Matsoku, 
Kao, Lemphane and Liqhobong pipes, two from Letseng- 
la-Terae and one from Monastery Mine close to the NW 
border of Lesotho in Orange Free State, South Africa, were 
also considered. Boyd (1973). Boyd and Nixon (1973, 1975) 
further demonstrated that the deformed xenoliths have 
equilibrated at considerably higher temperatures than the 
coarse, undeformed xenoliths. Whilst the lower tempera- 
ture, coarse grained group of xenoliths was shown to have 
equilibrated at P- T conditions close to the shield geotherm 
of Clark and Ringwood (1964), the higher temperature, 
deformed xenoliths were believed to define a marked devia- 
tion away from the predicted steady -state conductive man- 
tle geotherm at depths exceeding 150 -180 km (depending 
on the actual barometer used). Furthermore it was sug- 
gested that the point of inflection in the deduced pyroxene' 
geotherm corresponded to the lithosphere /asthenosphere 
boundary during the Late Cretaceous (the time of emplace- 
ment of these kimberlites) and that the perturbation of the 
geotherm was a consequence of stress heating of the de- 
formed garnet lherzolites in response to horizontal shearing 
connected with the break -up and dispersal of Gondwana- 
land. 
This stimulating interpretation has prompted consider- 
able further analysis and interpretation of the peridotite 
xenolith suites in the kimberlites of northern Lesotho and 
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elsewhere. Deformed garnet Iherzolite xenoliths in kimber- 
lites at certain other localities [such as Premier Mine near 
Pretoria. South Africa (Danchin 1979), and Frank Smith 
Mine to the NW of Kimberley, South Africa (Boyd 1974)] 
have likewise equilibrated at appreciably higher tempera- 
tures than associated coarse grained xenoliths and have also 
been taken to define inflected palaeogeotherms. However, 
elsewhere [as in the Kimberley area kimberlites (Dawson 
et al. 1975; Boyd and Nixon 1978), and in the Matsoku 
pipe in northern Lesotho (Cox et al. 1973; Harte et al. 
1975)] deformed garnet Iherzolites have mineral chemistries 
which indicate that they have equilibrated under essentially 
the sane P- T conditions, as associated undeformed xeno- 
liths. By contrast, deformed garnet Iherzolite xenoliths in 
the Udachnaya kimberlite, USSR. have been shown (Boyd 
1984) to have equilibrated at appreciably higher tempera- 
tures than associated coarse, undeformed xenoliths but at 
P- T conditions which lie on the continuation of a cratonic 
area geotherm calculated for a 40 mW m -2 surface heat 
flow above a conductive mantle (Pollack and Chapman 
1977). 
It is thus apparent that there is no general correlation 
between degree of deformation. equilibration temperature 
and depth of origin. However, in kimberlites with a bimodal 
temperature distribution within the observed garnet Iherzo- 
lite xenolith suite, the higher temperature xenoliths invari- 
ably have deformed (porphyroclastic or mosaic- porphyro- 
clastic) textures. Why they define inflected geotherms in 
some instances (northern Lesotho. Premier Mine) but not 
in others (Udachnaya) has never been adequately explained, 
but the reality of inflected geotherms seems to have been 
widely accepted. 
Suggestions that inflected geotherms may be spurious 
and result from the use of inaccurately calibrated mineral 
thermometers and barometers (Howells and O'Hara 1978) 
or from unsatisfactory application of mineral thermometers 
and barometers based on equilibria in simple chemical sys- 
tems to xenoliths with more complex and differing chem- 
istries (Mercier and Carter 1975) have received little atten- 
tion. In addition, Harte (1978) has pointed out that as far 
as the xenoliths from the northern Lesotho kimberlites are 
concerned, those from individual pipes may be interpreted 
as defining linear or gently curved dT /dP gradients without 
obvious inflections. This interpretation was endorsed by 
Harley (1984b) and by Harley and Thompson (1984) who 
also emphasised that P- T estimates are critically depen- 
dent upon the choice of thermometer -barometer pairing 
and hence that the uncertainties are such that unequivocal 
interpretations of the P- T arrays are impossible. 
Despite these reservations, Finnerty and Boyd (1984, 
1987) have recently published results of an extensive evalua- 
tion of thermobarometers applicable to garnet lherzolite 
xenoliths and emphasised the existence of an inflection in 
the northern Lesotho palaeogeotherm for almost every 
combination of thermometer and barometer tested. With 
the large number of independent thermometers tested it 
was stated that the inflection cannot be an artifact of the 
method of temperature estimation but they conceded that 
it could be due to a problem with the barometer employed. 
Since the first description by Boyd (1973) of the inflected 
northern Lesotho palaeogeotherm, there has probably been 
more debate over its interpretation than its reality. The 
original interpretation that it reflected stress (shear) heating 
of deformed asthenospheric garnet Iherzolite during plate 
movements associated with the break -up of Gondwanaland 
now has to be rejected on several grounds. Firstly, a compa- 
rable inflected palaeogeotherm has been described from the 
xenolith suite in the Precambrian Premier Mine kimberlite 
(Danchin and Boyd 1976; Danchin 1979). Secondly, Mer- 
cier and Carter (1975) have argued from mechanical consid- 
erations that shear heating is likely to be negligible for the 
viscosities and strain rates expected at the P -T conditions 
of the inflected geotherms. Furthermore, comparative ther- 
mometry on analysed porphyroclast and recrystallised 
neoblast assemblages in deformed high- temperature garnet 
Iherzolite xenoliths from northern Lesotho gives no indica- 
tion of shear heating. Recorded chemical differences be- 
tween porphyroclasts and neoblasts are small (Mercier and 
Carter 1975; Lock 1980) or insignificant (Boyd 1975) and, 
if anything. point to cooling rather than heating during 
deformation. 
Dislocation studies and the limited recovery, recrystal- 
lisation and grain growth shown by some deformed xeno- 
liths indicate that they have been subjected to high stress 
and high strain rate deformation only shortly before erup- 
tion of the enclosing kimberlite (Goetze 1975; Harte 1978). 
Consequently. explanations of the thermal anomalies asso- 
ciated with inflected palaeogeotherms have shifted to alter- 
native models involving convective heat transfer either in 
rising mantle diapirs (Green and Gueguen 1974) or plumes 
(Parmentier and Turcotte 1974) connected with kimberlite 
generation. or to thermal aureole effects resulting from 
close proximity to bodies of protokimberlite' magma 
(Harte 1983; Mitchell 1984) - possibly the magma responsi- 
ble for the crystallisation of the Cr -poor megacryst (discrete 
nodule) suites (Gurney and Harte 1980; Harte and Gurney 
1981) also observed in the kimberlites in northern Lesotho 
(Nixon and Boyd 1973b) and elsewhere. Mercier (1979) 
has argued that the high stress, sheared textures characteris- 
tic of the deformed high- temperature xenoliths formed 
within a few hours (at most) of sampling by the kimberlite 
and seem more appropriately ascribed to the rapid, high 
stress, process of kimberlite conduit formation than to 
slower major geotectonic processes such as the ascent of 
large mantle diapirs or convection -related flow. 
Nixon and Boyd (1973 a), Boyd and Nixon (1975), 
Nixon et al. (1981) have drawn attention to the bulk rock 
chemical differences between the deformed (sheared) high -T 
and coarse (granular) low -T garnet lherzolite xenoliths in 
the northern Lesotho kimberlites. The deformed high -T 
xenoliths have been shown to have relatively fertile (unde- 
pleted in basaltic components) compositions with higher 
Fe, Ti, Ca, Al and Na contents and Fe /(Fe +Mg) ratios 
than the coarse low -T xenoliths. They attributed these dif- 
ferences to the derivation of the former xenoliths from more 
pristine mantle in the asthenosphere and the latter from 
the depleted (residual) overlying lithosphere. By contrast, 
Gurney and Harte (1980) and Harte (1983) have emphas- 
ised the importance of metasomatism associated with earlier 
magmatic intrusions at depth in the mantle as a process 
leading to the Fe -Ti enrichment and general fertilisation' 
of the deformed high -T garnet Iherzolites. The apparent 
influence of diffusive metasomatism on the chemistry of 
deformed high -T xenoliths from northern Lesotho is dem- 
onstrated by observed enrichment in Ti, Fe and Na and 
depletion in Cr of garnet porphyroclast rims (Smith and 
Boyd 1986). However, it is debatable as to what extent 
there is a direct inter -relationship between this metasoma- 
tism, the deformation, the deduced high equilibration tem- 
peratures for certain xenoliths and inflected palaeogeoth- 
erms. 
Metasomatic effects (including Fe -Ti enrichment) as- 
sociated with pyroxenite sheet emplacement have been well 
documented in the banded peridotite /pyroxenite xenolith 
suite from the Matsoku pipe in northern Lesotho (Harte 
et al. 1975; Gurney and Harte 1980; Harte and Hunter 
1986). However, in the Matsoku xenolith suite there is no 
apparent correlation between this metasomatism and oh- 
served deformation. Furthermore, our P- T calculations 
confirm earlier indications (Harte et al. 1975; Harte 1978) 
of comparable P -T equilibration conditions for the Mat - 
soku peridotite /pyroxenite xenolith suite regardless of the 
extent of metasomatism or deformation. 
Similar diffusive Fe -Ti enrichment and Cr depletion 
in garnet porphyroclast rims to those observed in deformed 
high -T xenoliths from the northern Lesotho kimberlites, 
have also been documented in rather lower temperature 
deformed garnet Iherzolite xenoliths from the Kimberley 
area mines (Smith and Boyd 1986) and Udachnaya Siberia 
(Sobolev et al. 1986) which do not define inflected palaeo- 
geotherms. Moreover, Smith and Boyd (1986) have argued 
that. since olivine compositions in the deformed high -T xe- 
noliths from northern Lesotho are distinctly more fayalitic 
than those in the associated coarse lower -T xenoliths and 
olivine compositions are likely to be relatively insensitive 
to any infiltration metasomatism, significant bulk rock 
composition differences (notably in Fe /Mg) between the 
high -T and low -T xenoliths probably existed prior to any 
late -stage metasomatism and tectonic mixing. This view ap- 
pears to be substantiated by their respective trace element 
and isotopic signatures. Data for deformed high -T xenoliths 
from northern Lesotho indicate internal Nd and Sm 
isotopic equilibrium at the time of sampling by the kimber- 
lite with REE and isotopic signatures resembling those of 
somewhat depleted (high Sm /Nd, low Rb /Sr) MORB -type 
mantle from the convective asthenosphere. Thus Richard- 
son et al. (1985) comment that the trace element and 
isotopic systematics of these relatively more fertile perido- 
tites do not require a more complex origin involving diffu- 
sive introduction of a basaltic or protokimberlitic compo- 
nent from megacryst forming magmas as proposed by Gur- 
ney and Harte (1980); and Harte (1983). By contrast, lower 
temperature coarse and deformed garnet Iherzolite xeno- 
liths (with depleted major element compositions) from the 
Kimberley area kimberlites display either internal isotopic 
equilibrium or inverse isotopic equilibrium attributable to 
addition of a mantle metasomatic component without re- 
equilibration and have overall isotopic signatures indicative 
of variably enriched (low Sm /Nd, high Rb /Sr) old subcon- 
tinental lithospheric mantle. 
Available evidence thus indicates fundamentally differ- 
ent bulk rock chemistries and origins for the deformed high - 
T and coarse low -T garnet Iherzolite xenolith suites in the 
kimberlites of northern Lesotho. We proceed here to assess 
the respective P- T equilibration conditions for .these two 
groups of xenoliths taking full account of their contrasted 
bulk rock chemistries in order to ascertain whether the in- 
flected palaeogeotherm, which is a key feature of many 
interpretative models, is real or spurious. We also aim to 
resolve the enigma as to why deformed high -T garnet lher- 
zolite xenolith suites apparently define inflected palaeo- 
geotherms for some areas (e.g., northern Lesotho) but not 
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for others (e.g., Udachnaya, Siberia). Boyd (1975) has taken 
the fact that inflections based on P- T estimates derived 
from pyroxene compositions are sometimes present and 
sometimes not to indicate that they are real and not an 
artifact of the thermobarometric methods employed. Here 
we explore the possibility that the presence or absence of 
inflections in derived palaeogeotherms may be due to chem- 
ical differences between the respective xenolith suites. 
Thermometer and barometer selection 
P -T equilibration conditions for garnet Iherzolite assem- 
blages may be determined through application of paired 
thermometers and barometers (thermobarometers) based 
on calibrated element exchange reaction equilibria. The 
most sensitive thermometers in the P -T range of interest 
are those which consider Ca" ±Mg-' (Fe' ) exchange 
between the coexisting pyroxenes (two pyroxene solvus 
thermometer) and Fe- ' ±Mg2 exchange 
J 
between garnet 
and coexisting pyroxene or olivine (KF MCpx+ "Cent AÓpz 
Knr,;- ` ,, exchange thermometers). The most appropriate 
barometer is that which considers the extent of Tschermak's 
molecule type substitution (MgFeCa)M2AlM, Al'Z SiO6 - 
in orthopyroxene coexisting with garnet. As several differ- 
ent formulations and experimental or semi -empirical cali- 
brations have been proposed for these thermometers and 
barometers, it is first necessary to assess which provide the 
most accurate and geologically meaningful P- T estimates 
for natural garnet Iherzolite assemblages. A serious problem 
is that most calibrations are based on experimental data 
for simple chemical systems which do not precisely simulate 
natural rock systems, although some formulations incor- 
porate semi -empirical, thermodynamically -derived correc- 
tions aimed at taking account of the more complex chem- 
istries of the naturally occurring mineral assemblages. 
Finnerty and Boyd (1984, 1987) have attempted to eval- 
uate the accuracy of P- Testimates obtained for the garnet 
lherzolite xenolith suite in the kimberlites of northern Le- 
sotho from selected pairings of thermometers and barome- 
ters by reference to he P- T constraints provided by experi- 
mental data on the diamond -graphite transition curve 
(Kennedy and Kennedy 1976) and on phlogopite stability 
(Eggler and Wendlandt 1979). In practice the phlogopite 
constraint is poor with different generations of phlogopite 
growth frequently present (e.g., Carswell 1975) and uncer- 
tainty over the location in PTOTAL T space of the stability 
curve for natural phlogopites. Hence the assessments by 
Finnerty and Boyd (1984, 1987) of the most accurate combi- 
nation of thermometer and barometer (thermobarometer) 
have been influenced largely by consideration of the calcu- 
lated P- T estimates for just one diamond bearing xenolith, 
BD 2125 from Mothae (Dawson and Smith 1975), and one 
primary graphite bearing xenolith, PHN 2569 from Thaba 
Putsoa tNixon and Boyd 1973a), relative to the diamond - 
graphite transition curve of Kennedy and Kennedy (1976). 
Finnerty and Boyd (1987) have concluded that the most 
accurate P- T equilibration estimates for the garnet Iherzo- 
lite xenolith suite from northern Lesotho are those provided 
by their revised formulation (FB87) for the two -pyroxene 
solvus thermometer in combination with a barometer for- 
mulation (MC74) based on the experimental data of Mac- 
Gregor (1974) for the weight percent A1203 content of or- 
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Fig. 1 A -D. P- T equilibration estimates for xenolith suites from Thaba Putsoa: deformed. o coarse, e coarse (graphite), and Mothac: 
deformed, o coarse. coarse (diamond), calculated using the barometer formulated from MacGregor (1974) in combination with 
A The two- pyroxenc solvus thermometer of Finnerty and Boyd (1987); B The thermometer for Fe2+tMg2+ exchange between garnet- 
clinopyroxene pairs (Powell 1985); C The thermometer for Fe2+:,--'Mg2+ exchange between garnet -orthopyroxene pairs (Harley 1984a): 
D The thermometer for FeZ -. Mg2+ exchange between garnet- olivine pairs (O'Neill and Wood 1979). Also indicated are the continental 
shield geotherm ( ---) of Pollack and Chapman (1977) calculated for a 40 mW m -2 surface heat flow above a conductive mantle 
and an inflected palaeogeotherm (- - -) of the form proposed by Finnerty and Boyd (1984, 1987) based on the calculated P -T 
values for xenoliths from Thaba Putsoa and Mothae. The different P -T locations indicated for the diamond -graphite transition curve 
are: 1 Based on thermodynamic data of Berman (1979); 2 Based on experimental data of Bundy et al. (1961), Bundy (1980); 3 Based 
on experimental data of Kennedy and Kennedy (1976). Sources of analytical data for xenolith suites are indicated in the general 
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Si02 (MAS) system. This thermobarometer (FB87 v MC74) 
yields P- T estimates for the northern Lesotho xenolith 
suite which indicate a markedly inflected palaeogeotherm 
(reproduced in Figs. I A and 5 B) with the deformed high -T 
xenolith group plotting at temperatures elevated well above 
the predicted conductive shield geotherm. An inflected pa- 
laeogeotherm is especially evident when P- T data for xe- 
noliths from different northern Lesotho kimberlite localities 
are aggregated together (Fig. 5 B) and the low- temperature 
part of the palaeogeotherm is constrained to be sub -parallel 
to the conductive shield geotherm. 
We have recently published (Carswell and Gibb 1987) 
the results of a different approach to the evaluation of ther- 
mometers and barometers applicable to garnet lherzolite 
assemblages. in which we tested the ability of' individual 
thcrmomemetcrs and barometers to reproduce the P- T 
conditions of experimentally equilibrated multi -component 
garnet Iherzolite assemblages (Akella 1976; Nickel 1983; 
Mori and Green 1978) which closely approach the composi- 
tions of the natural assemblages encountered as xenoliths 
in kimberlites. We concluded that the best barometer for- 
mulation is that provided by Nickel and Green (1985) based 
on experimental data for the CaO- MgO- A1203 -Si02 
(CM AS) and chrome bearing Si02- MgO- A1203- 
Ca0 -Cr203 (SMACCR) systems with the content of Al'+ 
in the octahedral sites (M I ) of orthopyroxenes present as 
a result of Tschermak's molecule type substitution, evalu- 
ated as: 
4, [Al ' ""- (Cr' + Fe' +2Ti4 - Na +)]/2. 
The term (Cr' + Fe' +'_Ti4 + -Na +) takes account of 
the presence of Al' in tetrahedral sites as expressed in 
MgCrAISi06, MgFe'AISi06 and MgTiA1206 type mole- 
cules after first correcting for the Cr'+ and Fe' combined 
with Na in NaCrSi,06 and NaFe'+Si206. However. when 
Na ' > (C r3 ' + Fe' - + 2 Ti' " ) then the A13- combined with 
Na + in jadeite (NaAISi2O6) has to be subtracted in order 
to obtain the correct amount of Al' present in M1 sites 
as a result of Tschermak's molecule type substitution. 
We have since tested in the same manner an additional 
barometer formulation proposed by Bertrand et al. (1986), 
which is unusual in that it considers the content of Al' 
in tetrahedral (Z) rather than octahedral (M1) sites as a 
measure of the degree of Tschermak's molecule type substi- 
tution in orthopyroxenes. Our tests indicate that this formu- 
lation is not as good as that of Nickel and Green (1985) 
and in many instances seriously underestimates equilibra- 
tion pressures. Problems arise with this barometer formula- 
tion when orthopyroxenes have Cr' >0.82 Na + (as is fre- 
quently the case) since MgCrAISi06 type substitutions are 
not considered and hence the excess Cr' leads to overesti- 
mated XÁ, values and hence underestimated pressures. 
From our thermometer tests (Carswell and Gibb 1987) 
we concluded that no single thermometer formulation is 
satisfactory throughout the entire P- T range of interest, 
and proposed that equilibration temperatures for garnet 
lherzolite xenolith assemblages should be assessed from a 
combination of the most reliable formulations of the two - 
pyroxene solvus thermometer (Wells 1977; Finnerty and 
Boyd 1987) and Fee +.7=:Mg-+ exchange reaction thermom- 
eters between the different mineral pairs (Ellis and Green 
1979; Powell 1985; Harley 1984a; O'Neill and Wood 1979). 
Our tests also indicated that the two -pyroxene solvus ther- 
mometer formulation (FB87) favoured by Finnerty and 
Boyd (1987) tends to yield underestimates at temperatures 
<1000° C and more serious overestimates at T>1200° C. 
These problems probably arise because the simple formula- 
tion used, with reference to CMS system experimental data, 
as a measure of the enstatite component in clinopyroxenes, 
namely 1- [2Ca /(Ca +Mg)], is inadequate for more chemi- 
cally complex natural pyroxenes. We further demonstrated 
that the alternative formulation (WE77) of Wells (1977), 
which attempts to correct for the effect on the Ca' ±Mg2+ 
exchange reaction between coexisting pyroxenes produced 
by the presence of other elements (especially Fe) in the 
MI and M2 sites, yields more satisfactory temperature esti- 
mates for assemblages equilibrated in the lower part of the 
P- T range considered but seriously underestimates at pres- 
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sures greater than about 37 kbar since it does not incorpo- 
rate a correction factor to take account of the influence 
of pressure on the pyroxenc miscibility relationships. 
As no single formulation of the two -pyroxene solvus 
thermometer tested was judged satisfactory throughout the 
P- T range of interest, we concluded (Carswell and Gibb 
1987) that two -pyroxene solvus temperatures for garnet 
lherzolite xenolith assemblages were probably best assessed 
by WE77 in the lower part of the P -T range but by an 
average of the WE77 and FB86 values for assemblages equi- 
librated at P> 37 kbar, when errors from the two methods 
are likely to be in opposite directions. We have since tested 
a further formulation (BM85) of the two -pyroxene solvus 
thermometer, proposed by Bertrand and Mercier (1985), 
which incorporates corrections for the influence of Fe, Na 
and pressure on Ca3+.-,7---Mg2+ exchange as observed in the 
CMS system. We now consider BM85 to be the best single 
formulation currently available for the two -pyroxene solvus 
thermometer for the P- T range encountered in the garnet 
lherzolite xenolith assemblages. However, it is rather criti- 
cally dependent upon the availability of accurate analyses 
for Na in orthopyroxenes (it should not be used when Na 
contents in orthopyroxenes have not been determined) and 
there are some indications that it may tend to slightly over- 
estimate at the highest temperatures. 
Our barometer tests (Carswell and Gibb 1987) have 
shown that the formulation (MC74) favoured by Finnerty 
and Boyd (1984, 1987) seriously overestimates the experi- 
mentally recorded equilibration pressures for test data (Ak- 
ella 1976; Nickel 1983; Mori and Green 1978) which either 
correspond to or closely simulate natural garnet lherzolite 
compositions. This overestimation is worst at the highest 
temperatures and for the most chrome -rich compositions. 
In the MC74 barometer as formulated by Finnerty and 
Boyd (1984) the extent of Tschermak's molecule type substi- 
tution in orthopyroxene is simplistically taken as the total 
weight fraction of A1203 present. This is reasonably satis- 
factory for orthopyroxene compositions within the MAS 
system on which the barometer is based but is inappropriate 
for more chemically complex orthopyroxenes such as those 
in garnet lherzolite xenoliths with significant contents of 
Fe, Ca, Na, Ti and Cr. More recent experimental data 
(O'Neill 1981; Nickel and Green 1985; Webb and Wood 
1986) have demonstrated that the content of Cr can be 
expected to have a particularly profound influence on the 
garnet -orthopyroxene equilibrium. It is therefore clear that 
a barometer based on this equilibrium must take adequate 
account of the influence of these other chemical compo- 
nents and be formulated along the lines proposed by Nickel 
and Green (1985). 
From the foregoing we certainly would not expect the 
thermobarometer favoured by Finnerty and Boyd (1987) 
based on a combination of the FB87 two -pyroxene solvus 
thermometer and the MC74 barometer to yield the most 
accurate and geologically meaningful values for the P -T 
equilibration conditions of the garnet lherzolite assemblages 
encountered as xenoliths in kimberlites. 
Reality of the inflected palaeogeotherm 
Our conclusion that the FB87 two -pyroxene solvus ther- 
mometer tends to underestimate equilibration temperatures 
for the lower -T xenoliths and overestimate temperatures 
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inflected palaeogeotherm for the northern Lesotho garnet 
Iherzolite suite. Comparison of Fig. I A with Fig. 1 B D 
demonstrates that combination of the MC74 barometer for- 
mulation with alternative thermometers for Fee+ ±Mg2 
exchange reactions between different mineral pairs pro- 
duces significant changes in the P- T estimates for individ- 
ual xenoliths from the Thaba Putsoa and Mothae kimber- 
lites but in each case if is still possible to infer an inflected 
palaeogeotherm. We therefore agree with Finnerty and 
Boyd (1984) that the apparent inflection in the geotherm 
cannot just be an artifact of the particular thermometer 
used. 
Figure 2A- D show comparative P- T estimates for the 
same xenolith populations obtained by the use of the same 
four thermometers in combination with the barometer for- 
mulation of Nickel and Green (1985), which we would ex- 
pect to yield the most accurate pressure values (Carswell 
and Gibb 1987). In addition, equivalent P -T estimates 
obtained using the two -pyroxene solvus thermometer for- 
mulation of Bertrand and Mercier (1985) rather than that 
of Finnerty and Boyd (1986) are shown in Fig. 2E. We 
conclude from Fig. 2A -E that if the doubtful constraint 
that the lower P -T points should lie on a geotherm sub - 
parallel to the expected conductive shield geotherm is dis- 
carded. then the P- T arrays can be more appropriately 
interpreted as defining palaeogeotherms somewhat elevated 
overall above the 40 mW /m- shield geotherm shown, rather 
than markedly inflected palaeogeotherms of the form de- 
scribed by Boyd (1973) and Finnerty and Boyd (1984, 
1987). An interesting additional feature, arising from the 
use of the improved and more sophisticated barometer for- 
mulation of Nickel and Green (1985), is that the P -T ar- 
rays for the Thaba Putsoa and Mothae xenolith suites are 
largely distinct and thus, as illustrated in Fig. 2A, appear 
to define separate, non -inflected palaeogeotherms. This sug- 
gests a marginally higher heat flux in the mantle beneath 
Thaba Putsoa than at Mothae at the time of sampling by 
kimberlites only some 16 km apart. 
Comparison between the P -T arrays in Figs. 1 and 
2 thus confirms our view that inflections in the upper mantle 
palaeogeotherm(s) for northern Lesotho are artifacts which 
result largely from the use of over -simplified and inadequate 
barometer formulations. The MC74 barometer is particu- 
larly unsatisfactory in this respect leading to a marked, 
but nonetheless spurious, inflection when combined with 
the FB87 thermometer (Figs. IA and 5 B). With the MC74 
barometer the progressive pressure overestimation expected 
from our tests (Carswell and Gibb 1987) is only in evidence 
along the lower temperature part of the geotherm, sub - 
parallel to the conductive shield geotherm. On the other 
hand, the deformed 'high- T group of xenoliths plots at ele- 
vated temperatures and dramatically reduced pressures rela- 
tive to the shield geotherm. The reason for this unexpected 
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pressure reduction is that the orthopyroxenes in the xeno- 
liths concerned have significant jadeite contents. 
The presence of jadeite substitution is demonstrated in 
Fig. 3A where it can be seen that orthopyroxenes. in these 
deformed high -T xenoliths almost invariably have Na > 
Cr' and that the excess Na ` correlates with Al3i . The 
jadeite contents of these orthopyroxenes reflect the more 
fertile Na- enriched bulk rock compositions of these high -T 
xenoliths compared to the coarse low -T xenoliths (Nixon 
and Boyd 1973a; Carswell 1980, Table 5). By contrast what 
little Na is present in orthopyroxenes of the coarser lower -T 
xenoliths appears to be effectively combined in ureyite 
(NaCrSi2O6) and jadeite contents are negligible. 
Failure of the MC74 barometer to allow for A13' cóm- 
bined with Na + as jadeite in the deformed high -T xenoliths, 
means that the amount of Al taken to he involved in Tscher- 
mak's molecule substitution is overestimated. Hence calcu- 
lated equilibration pressures in these xenoliths are reduced 
relative to the overestimated values normally expected from 
MC74 based on tests on Na -free or Na -poor rock composi- 
tions (Carswell and Gihh 1987). With the combined FB87 
v MC74 thermobarometer recómmended by Finnerty and 
Boyd (1987) the apparent inflection of the palaeogeotherm 
for northern Lesotho is further enhanced by erroneously 
high temperatures for the deformed high -T group of xeno- 
liths. 
Revised pressure- temperature estimates and interpretation 
As no single thermometer formulation applicable to garnet 
lherzolite assemblages is entirely satisfactory throughout 
the entire P- T range observed in kimberlite xenoliths 
(Carswell and Gibb 1987), significant differences arise be- 
tween the P -T equilibration conditions deduced for indi- 
vidual xenoliths depending on the particular thermometer 
employed (Fig. 2A -E). Also with only a single temperature 
estimate for a xenolith based on one particular element 
exchange reaction it is not possible to identify erroneous 
values resulting from analytical errors or unsatisfactory 
equilibration between the selected mineral pair. As stated 
previously we therefore calculate equilibration temperatures 
for such xenoliths as an average value obtained from con- 
sideration of the best available calibrations for several dif- 
ferent element exchange reactions between different mineral 
pairs. We have calculated these temperatures in combina- 
tion with pressures obtained from the Nickel and Green 
(1985) barometer formulation. 
Our revised `best' values for the pressure (P *) and tem- 
perature (T*) equilibration conditions of garnet Iherzolite 
assemblages in the analysed xenolith suites from Thaba Put - 
soa and Mothae (data from Nixon and Boyd 1973a; Boyd 
and Finger 1975; Dawsón and Smith 1975) are listed in 
Fig. 2A -F. P -T equilibration estimates for garnet lherzolite xenoliths from Thaba Putsoa: deformed, o coarse, coarse (graphite), 
and Mothae: deformed, o coarse, o coarse (diamond) calculated using the following thermometer- barometer combinations: A Two - 
pyroxene solvus thermometer (Finnerty and Boyd 1987) - barometer (Nickel and Green 1985); B Thermometer for Fee+ ±Mg2+ 
exchange between garnet -clinopyroxene pairs (Powell 1985) - barometer (Nickel and Green 1985); C Thermometer for Fee +:,--"Mg2+ 
exchange between garnet -orthopyroxene pairs (Harley 1984a) - barometer (Nickel and Green 1985); D Thermometer for Fee+ ±Mg2+ 
exchange between garnet -olivine pairs (O'Neill and Wood 1979) - barometer (Nickel and Green 1985); E Two -pyroxene solvus thermome- 
ter (Bertrand and Mercier 1985) - barometer (Nickel and Green 1985); F Two -pyroxene solvus thermometer (Bertrand and Mercier 
1985) - barometer (Bertrand et al. 1986). Note the change of pressure scale relative to the other diagrams. Diamond -graphite inversion 
curves and shield geotherm as in Fig. 1. Separate palaeogeotherms based on the P -T arrays for the Thaba Putsoa and Mothae xenolith 
suites are only shown in A but can also be deduced for the other P -T plots 
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Table I and plotted in Fig. 4A. P* and T* values were 
calculated as follows: 
i. A two -pyroxene solvus temperature was calculated 
using the formulation of Bertrand and Mercier (1975), these 
values usually being close to those from the Wells (1977) 
formulation for lower -T xenoliths and between those from 
the Wells (1977) and Finnerty and Boyd (1987) formulation 
for higher -T xenoliths. 














Fig. 3A-C. Comparison of orthopyroxene 
compositions in terms of total Al 2 vs (Na -Cr) 
in 6- oxygen formulae for deformed and coarse 
textured garnet Iherzolite xenoliths from: A Thaba 
Putsoa; deformed, o coarse and Mothae: 
deformed, o coarse, coarse (diamond): 
B Letseng Main and Satellite Pipes; deformed, 
A coarse: C Udachnaya, Siberia: deformed, 
o coarse - data from Boyd (1984) and Carswell 
(unpublished) 
calculated by averaging results for Fe'.,-Mg2+ exchange 
between garnet -clinopyroxene, garnet -orthopyroxene and 
garnet -olivine pairs obtained from the thermometer formu- 
lations of Powell (1985), Harley (1984a) and O'Neill and 
Wood (1979), respectively. For garnet -clinopyroxene pairs 
the formulation of Powell (1985) was preferred to that of 
Ellis and Green (1979) since our tests indicated that it yields 
better values at T< 1200° C and closely similar values to 
that of Ellis and Green (1979) at higher temperatures. 
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Table I. Calculated pressure (khar)- temperature ( °C) estimates for garnet Iherzolite xenoliths from Thaba Putsoa and Mothae 




WE77 FB87 BM85 
FeZ.-Mg= ` exchange Best 
2-Px 
Gnt-Cpx Gnt-Opx Gnt-Oliv solvus 
POW.85 IIAR.84 OW.79 T 
Best T. P* 
FcMg 
exchange Mean NG 85 
T 
Thaba Coarse PUN 1595 889 807 878 912 888 909 878 903 891 35.7 
Putsoa PHN 1569' 911 881 918 938 918 962 918 939 929 36.8 
PHN 1567 920 852 925 949 937 922 925 936 930 35.6 
PHN 1592 923 860 942 1003 945 914 942 954 948 36.5 
PUN 1570 938 886 946 909 939 949 946 932 939 37.2 
PUN 1573 943 893 963 980 (890) (889) 963 980 972 39.4 
PUN 1568 933 925 962 1055 909 897 962 954 958 36.4 
PUN 1572 939 941 989 1079 941 966 989 995 992 39.0 
Deformed PHN 1582 1054 1151 1132 1122 (1020) 1079 1132 1122 1127 47.2 
PUN 1591 1240 1327 1321 1285 (1213) 1323 1321 130-1 1312 52.0 
E3 1264 1383 1359 1300 (1209) 1327 1359 1314 1336 51.8 
PHN 1610 1330 1485 1433 1405 (1319) 1394 1433 1400 1416 56.7 
PHN 1566 1353 1503 1447 1395 (1331) 1389 1447 1392 1421) 56.7 
PHN 1611 1315 1476 1425 1401 (1284) 1439 1425 1420 1422 56.7 
PHN 1596 1369 1522 1473 1450 (1403) 1529 1473 1461 1467 60.9 
PHN 1597 1375 1528 1481 1453 1452 1512 1481 1472 1477 63.0 
Mothae Coarse PHN 1559B 937 1020 (948) 1071 1007 1021 (948) 1033 1033 42.3 
BD 2125b 988 1037 1031 1045 1028 (1119) 1031 1036 1034 43.0 
PHN 1917 983 1002 1029 1061 1024 1072 1029 1052 1041 45.6 
Deformed PHN 2001 1193 1306 1303 1331 1311 1364 1303 1335 1319 55.0 
PHN 1924 1258 1427 1393 1432 1334 1381 1393 1382 1388 60.0 
PHN 1925 1273 1449 1408 1439 1348 1379 1408 1389 1398 60.7 
' Primary graphite bearing 
b Primary diamond bearing - Dawson and Smith (1975) 
All other data from Nixon and Boyd (1973a) or Boyd and Finger (1975) 
iii. T* was then calculated as the mean of the two - 
pyroxene solvus and Fe' -,=Mg" exchange temperatures, 
and a corresponding `best' pressure estimate (P *) calcu- 
lated at T* from the Nickel and Green (1985) barometer. 
For some xenoliths certain temperature estimates have 
been excluded from the calculation of T* because they are 
clearly out of line (usually by > 75° C) with the other 
values. As discussed later such anomalous values may arise 
for a number of reasons including innate errors in the ther- 
mometer concerned, analytical errors and chemical disequi- 
librium between the selected analysed points in mineral 
grains, most likely related to compositional inhomogenei- 
ties in the minerals concerned. The most obvious anoma- 
lous values are those calculated from FeZ+ ±Mg2+ .ex- 
change between garnet -orthopyroxene pairs (Harley 1984a) 
for the majority of the deformed xenoliths from Thaba Put - 
soa (see Table 1). Also, the two -pyroxene solvus tempera- 
ture for PHN 1559B from Mothae was rejected since it 
is appreciably lower than those calculated from the Fe'-7-' 
Mg" exchange thermometers, which may be expected to 
be somewhat more sensitive and reliable at the low tempera- 
ture concerned. 
iv. Finally the complete sequence of calculations was 
reiterated with the provisional P* value used during calcula- 
tion of revised temperature estimates and ultimately final 
T* and P* values obtained. In practice these usually differ 
little from the initial T* and P* values calculated. 
There is uncertainty over the oxidation state of iron 
in mantle derived garnet Iherzolite assemblages analysed 
by electron microprobe but we have found that with good 
quality analyses stoichiometric charge balance calculations 
indicate that little or no Fe' is present in the silicate miner- 
al phases. This is especially the case in orthopyroxenes 
where NaFe3 +Si2O6 substitution need not be considered. 
Hence in our P -T calculations based on electron micro- 
probe analyses, we have made the reasonable assumption 
that all iron is present as Fe' in the garnet Iherzolite as- 
semblages. This assumption can be further justified by the 
fact that Fe2Mg2+ exchange reaction temperatures cal- 
culated on this basis are mostly closer to two -pyroxene sol- 
vus temperatures than when any stoichiometrically calcu- 
lated Fe3+ contents are taken into consideration. The latter 
can arise spuriously through analytical inaccuracies or even 
just imprecision, especially in the determined Si02 contents. 
The presence of diamond or graphite in certain garnet Iher- 
zolite xenoliths is also indicative of the strongly reduced 
nature of these mineral assemblages (Haggerty 1986). 
In Fig. 4A, our P* -T* estimates for the Thaba Putsoa 
and Mothae xenolith suites again appear, as in Fig. 2A, 
to define separate, elevated but non -inflected, palaeogeo- 
therms for these two localities. However, compared with 
Fig. 2A the overall range of indicated equilibration temper- 
atures (and hence of implied derivation depths) is somewhat 
reduced. As in Fig. 2A one particular Thaba Putsoa xeno- 
lith (PHN 1582) appears to be anomalous in that it plots 
on the Mothae palaeogeotherm. The explanation of this 
is not clear, but could be attributable to incorrect tempera- 




















































































nopyroxene (the published analytical total is only 
98.21 wt %). The fact that the calculated P- T equilibration 
conditions for this particular xenolith are separated in P- T 
space from those for all other Thaba Putsoa and Mothae 
deformed xenoliths perhaps supports such an interpreta- 
tion. However, this xenolith is also unusual in other re- 
spects. In particular it is relatively Fe and Ti rich compared 
with other xenoliths and contains only minor pyroxenes 
and garnet relative to an unusually fayalitic olivine (Fo84) 
and also primary ilmenite intergrown with the silicate 
phases. Hence, the seemingly anomalous P -T equilibra- 
tion values for this xenolith may be due to failure of the 
thermometers and barometers employed to adequately take 
account of such chemical differences from other Thaba Put - 
soa xenoliths. 
It will be noted in Fig. 4A (as also in Fig. 2A, B, C 
and E) that P- T equilibration values for the diamond 
bearing xenolith PHN 2125 from Mothae lie about 2.5 kbar 
below the pressures required for diamond stability as indi- 
cated by the diamond -graphite transition curve of Kennedy 
and Kennedy (1976) - the critical constraint exercised by 
Finnerty and Boyd (1984, 1987) in their barometer selec- 
tion. However, we emphasise that other experimental 
(Bundy et al. 1961; Bundy 1980) and thermodynamic (Ber- 
man 1979) data on the diamond -graphite transition indicate 
that the Kennedy and Kennedy (1976) curve may well be 
some 2.5 kbar too high (or 100° C too low) in the P -T 
range concerned. We therefore consider the P- T values 
shown for PHN 2125 in Fig. 4A to be compatible with 
diamond stability, given the uncertainties which should be 
attached to the location in P -T space of the diamond - 
graphite stability curve and to the P- T estimates. 
Our equivalent P* - T* estimates of equilibration condi- 
tions for garnet lherzolite xenoliths from other kimberlites 
in northern Lesotho are plotted in Fig. 4B-F. Xenolith data 
from the Main (Fig. 4B) and Satellite (Fig. 4C) Pipes at 
Letseng -la -Terae are from Boyd in Nixon (1973), Bishop 
et al. (1978), Lock and Dawson (1980), and Lock (1980). 
(In accordance with his analytical tests and recommenda- 
tions, the Al2O3 contents in orthopyroxenes from xenoliths 
in the Satellite Pipe reported by Lock (1980) have been 
reduced by 15% relative.) The P -T points for three xeno- 
liths from the Letseng Main Pipe which plot below the 
40 mW m -2 shield geotherm can probably be accounted 
for by inaccurate analyses or internal chemical disequilibri- 
um (Lock 1980). As can be discerned from Fig. 5A the 
majority of the xenoliths from the Letseng Pipes appear 
to lie closer to the non -inflected, palaeogeotherm for the 
geographically nearer Mothae locality than to that for 
Thaba Putsoa. An interesting feature at Letseng is that al- 
though both kimberlite pipes have incorporated mantle xe- 
noliths from different depths, the depths of derivation for 
most xenoliths differ in the two pipes (cf., Fig. 4B and C). 
Thus individual kimberlite eruptions appear to be selective 
regarding the depths from which they incorporate wall -rock 
xenoliths, at least in an uncomminuted state. Certainly the 
Letseng Satellite Pipe is unusual in that, unlike the other 
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studied kimberlites in northern Lesotho, it does not appear 
to have incorporated garnet Iherzolite xenoliths of the corn - 
mon, coarse textured, depleted type from depths of around 
120 -145 km. Also a single xenolith (BD 1910) has been 
recorded with an unusually high equilibration temperature 
(1170° C) for a coarse textured xenolith. However, as in 
the Thaba Putsoa and Mothae xenolith suites, an overall 
pattern of higher P -T equilibration conditions (and 
greater dépths of origin) for deformed xenoliths is also ap- 
parent at Letseng although there are some exceptions, 
namely three analysed lower -T deformed xenoliths from 
the Main Pipe. An interesting observation by Lock (1980) 
is that whilst comparative thennometry for porphyroclasts 
and neoblasts in the higher -T deformed xenoliths from Let - 
seng points to cooling during deformation. in the lower -T 
deformed xenoliths slight heating is indicated. 
Xenolith data from the Matsoku Pipe plotted in Fig. 4D 
are from Cox et al. (1973), Boyd and Nixon in Nixon 
(1973), and Bishop et al. (1978). All garnet Iherzolite xeno- 
liths from Matsoku, whether belonging to the common peri- 
dotite or banded peridotite /pyroxenite groups (Cox et al. 
1973; Harte et al. 1975) and whether or not they have de- 
formed textures, appear to have equilibrated under a very 
restricted range of P -T conditions. It is possible that the 
range of P- T conditions indicated for these Matsoku xe- 
noliths in Fig. 4D is a reflection of the degree of uncertainty 
which could be attached to such P- T estimates because 
of inaccuracy in the mineral analyses and /or the thermome- 
ter and barometer formulations employed (see below). Ac- 
cordingly we hesitate to suggest other than that in the Mat - 
soku Pipe all the xenoliths are derived from approximately 
the same depth in the mantle. This depth (130 -140 km) 
may correspond to the base of the lithosphere and mark 
the depth at which there was a significant change in the 
character and velocity of the kimberlite eruption. 
Likewise in Pipe 200 (Fig. 4E) indications are again that 
all the analysed garnet Iherzolite xenoliths (Carswell et al. 
1979) probably have been derived from essentially the same 
mantle depth, although this depth appears to have been 
rather shallower (around 125 km) than for the Matsoku 
Pipe. P -T equilibration conditions for the three xenoliths 
from Pipe 200 which plot below the 40 mW m' 2 geotherm 
are undoubtedly in error because Na contents have not 
been determined for the orthopyroxenes. Orthopyroxenes 
in the highly depleted garnet Iherzolite xenoliths from Pipe 
200 are notably chromiferous and failure to take account 
of the Cr combined with Na as ureyite has resulted in anom- 
alously high equilibration pressure estimates for these three 
xenoliths. This emphasises the fact that accurate estimation 
of P- T equilibration conditions for garnet Iherzolite xeno -. 
liths requires complete and accurate mineral analyses plus 
careful consideration of the effects of minor element con- 
tents on the element exchange reaction thermometers and 
barometers employed especially when XA, values in or tho- 
pyroxenes are low. 
The interpretation problems which can arise from the 
calculation of P- T equilibration conditions from unsat- 
Fig. 4A -F. P * -T* (see text) equilibration estimates for garnet Iherzolite xenoliths from various individual kimberlite pipes in northern 
Lesotho. Note how slightly separate palaeogeotherms ( ) are indicated for A Thaba Putsoa: deformed, o coarse, e coarse 
(graphite) and Mothae: deformed, o coarse, coarse (diamond) xenolith suites. Diamond -graphite inversion curves and shield geotherm 
as in Fig. 1. B Letseng Main Pipe: deformed, a coarse. C Letseng Satellite Pipe: deformed, coarse. D Matsoku Common Peridotites: 
deformed, t7 coarse, Banded Xenoliths . deformed, o coarse. E Pipe 200 x coarse, ® (Na not determined in orthopyroxenes. F 
Kao: deformed, coarse 
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isfactory analytical data are well illustrated in Fig. 4 F for 
garnet Iherzolite xenoliths from the Kao kimberlite. Analyt- 
ical data for a single deformed high -T xenolith (2273) from 
Kao provided by Boyd and Nixon in Nixon (1973) yield 
P- T estimates which lie close to the palaeogeotherm 
defined by the Mothae xenolith suite (Fig. 5A). However, 
P- T estimates calculated for both deformed and coarse 
granular xenoliths from the data provided by MacGregor 
(1979) are widely scattered on Fig. 4F and must be treated 
with caution. Although the Na contents of orthopyroxenes 
were reported by MacGregor (1979) for all the xenoliths 
plotted, totals for many of the mineral analyses are poor 
and there are some apparent printing errors in the published 
table of analyses. 
Comprehensive quantification of the 'error brackets' 
which should be attached to individual P- T results is diffi- 
cult due to the multivariate nature of the problem (Carswell 
and Gibb 1987). The errors arise basically from three 
sources. Firstly, from incorrect 'calibration' of the ther- 
mometer and /or barometer (whether as a result of experi- 
mental error or inappropriate formulation or application). 
Secondly. there are limitations on the precision and accura- 
cy of electron probe microanalyses and, thirdly. there may 
be inhomogeneities in the analysed minerals, which may 
be undetectable within the precision of the analysis but 
are nevertheless real in at least some xenolith samples (Boyd 
and Finger 1975). Errors of the first type are potentially 
the most serious and have already been discussed at length 
(see also Carswell and Gibb 1987). Errors due to the last 
two sources are difficult to separate and we have used the 
multi -analysis data of Boyd and Finger (1975) to compute 
the maximum combined errors to be expected from these 
two sources over the range of P and T derived for this 
contribution by our recommended method. Details of these 
errors and the underlying rationale will be presented else- 
where (D.A. Carswell and F.G.F. Gibb, in preparation) 
but the calculations show that, because the calculated pres- 
sure is strongly influenced by the derived temperature, ser- 
ious error propagation can occur. Moreover, the 'error 
boxes' are not orthogonal, as might be inferred from the 
attempt to estimate such errors by Boyd and Finger (1975), 
but are strongly elongated sub -parallel to the geotherm. 
Consequently, the potential presence of such errors, unlike 
those of the first type, can not be used to argue for or 
against the reality or otherwise of an inflected palaeogeo- 
therm. These errors (or compositional uncertainties) will, 
however, when present, lead to a spreading of the calculated 
P -T values for the members of a xenolith suite along the 
palaeogeotherm thus implying a greater variation in their 
depth of derivation than is, in fact, the case. 
A composite plot of P*- T* values for all garnet Iherzo- 
lite xenoliths from northern Lesotho for which reliable ana- 
lytical data are available is presented in Fig. 5A. The 
banded peridotite/pyroxenite group of xenoliths from Mat - 
soku have been omitted to avoid overcrowding of points 
at around 1025° C and 42.5 kbar. Only single xenoliths have 
been included from Kao (2273) and Liqhobong (data from 
Nixon and Boyd in Nixon 1973) and from Monastery Mine 
(data from Boyd and Finger 1975) just over the NW border 
of Lesotho. The individual xenoliths from each of these 
three localities plot close to the elevated but non -inflected, 
palaeogeotherms indicated for the Mothae and Thaba Put - 
soa localities during the late Cretaceous, the time of em- 
placement of these kimberlites. A composite palaeogeo- 
therm for northern Lesotho is of questionable validity but 
would lie between the separate palaeogeo therms indicated 
for Mothae and Thaba Putsoa. 
Overall sampling and analysis of xenoliths from the 
kimberlites of northern Lesotho may well have been biased 
towards the deformed garnet Iherzolites. Nevertheless, it 
is clear that the most common garnet Iherzolite xenoliths 
are those with relatively depleted major and trace element 
chemistries and isotopic signatures probably indicative of 
old sub -continental lithospheric mantle (Richardson et al. 
1985). Such xenoliths mostly have coarse (granular) textures 
but some have porphyroclastic or mosaic- porphyroclastic 
textures indicative of deformation and sometimes slight 
heating (Lock 1980) only shortly before or possibly even 
during entrainment in the erupting kimberlites. As P -T 
equilibration conditions for these xenoliths mostly lie in 
the range 930 ° -1050° C and 36 -45 kbar, with implied 
depths of origin of 120 -145 km, it would seem that they 
have been derived from, or close to. the hase of the sub- 
continental lithosphere. The slight, but systematic. differ- 
ences in the depths of origin for such xenoliths apparent 
in Fig. 5A for different kimberlite localities may perhaps 
signal regional variations in the thickness of the lithosphere 
beneath northern Lesotho. Alternatively, it may reflect vari- 
ations in the 'take -off' depth for rapid kimberlite eruption 
through the lithosphere. If the former interpretation is cor- 
rect. then it would appear that, under the prevailing P -T 
conditions in the mantle beneath northern Lesotho at the 
time of kimberlite emplacement, the lithosphere may only 
have been thick enough to permit diamond stability close 
to its base at certainly localities, notably at Mothae. Xeno- 
liths derived from higher levels in the mantle lithosphere 
and from the lower crust (Griffin et al. 1979) also occur 
in the kimberlites of northern Lesotho but appear to be 
less common overall. 
The deformed, high -T xenoliths with more fertile major 
and trace element compositions have REE and isotopic sig- 
natures compatible with MORB -type mantle from the con- 
vective asthenosphere (Richardson et al. 1985). Indications 
are of considerable variations in the depths of derivation 
of such xenoliths from within the asthenosphere in the dif- 
Oferent kimberlites of northern Lesotho, although some clus- 
tering of P -T points for individual kimberlites is apparent 
in Fig. 5A. 
The form of our revised palaeogeotherm(s) for northern 
Lesotho bears some similarity, but does not correspond 
precisely, to the convection related geotherm calculated by 
Harte (1978) - see Fig. 5A - which assumes a 44 mW m ' 
surface heat flow, a 200 km thick lithosphere, and an en- 
hanced temperature at the base of the lithopshere caused 
by a hot diapir or plume in the asthenosphere. From this 
we conclude that the palaeogeotherm(s) for northern Le- 
sotho indicated by our revised P- T estimates for garnet 
Iherzolite xenoliths may be adequately explained as corre- 
sponding to a conductive geotherm in thé lithosphere re- 
lated to a somewhat elevated, cratonic margin, surface heat 
flow of 41-42 mW m-2 modified by an enhanced heat flux 
from the top of the asthenosphere. The latter may have 
been due to convective upwelling in the asthenosphere pos- 
sibly directly associated with the generation and uprise of 
protokimberlite magma. The slight indication of a decrease 
in the geothermal gradient at depths greater than about 
175 km (Figs. 4A and 5A) is more in line with what would 
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Fig. 5A, B. A Composite P- Tdiagram showing P *- T* equilibration estimates for garnet lherzolite xenoliths from kimberlites throughout 
northern Lesotho relative to deduced palaeogeotherms for the xenolith suites at Mothac ( deformed, o coarse. +coarse with diamond), 
Thaba Putsoa ( deformed, o coarse. ®coarse with graphite), Pipe 200 ( x ), Matsoku CP ( deformed. a coarse). Letseng ( deformed, 
A coarse), Kao (v), Liqhobong (L) and Monastery (M). Also shown are the deduced palaeogeotherms for Mothac (a) and Thaba 
Putsoa (b), the convection -related shield geotherm (c) calculated by Harte (1978) and the conductive shield geotherm (d) of Pollack 
and Chapman (1977) calculated for a 40 mW /m2 surface heat flow. B Composite P -T diagram based on P -T estimates for garnet 
lherzolite xenoliths from kimberlites throughout northern Lesotho calculated from the Finnerty and Boyd (1987) formulation of the 
two -pyroxene solvus thermometer in combination with their barometer formulation based on MacGregor (1974). Data and locality 
symbols as in A. Note the inflected palaeogeotherm (- - - - ) inferred from these particular P- T estimates, in contrast to those 
indicated in A for the Mothac and Thaba Putsoa xenolith suites. Diamond- graphite inversion curves and shield geotherm as in Fig. 1 
neath a more rigid, thermally conducting, lithosphere (Mer- 
cier and Carter 1975; Harte 1978) than a palaeogeotherm 
inflected dramatically away from the adiabat as indicated 
by Finnerty and Boyd (1984, 1987) with the point of inflec- 
tion taken to mark the lithosphere -asthenosphere bound- 
ary. 
A similar, convex upwards, non -inflected, convection - 
related palaeogeotherm has recently been suggested by 
Bertrand et al. (1986) for the Thaba Putsoa xenolith suite 
on the basis of P- T estimates derived by combining the 
two -pyroxene solvus thermometer of Bertrand and Mercier 
(1985) with their own proposed barometer formulation. 
However, because of pressure underestimation by the Bert- 
rand et al. (1986) barometer, P- T estimates for the Thaba 
Putsoa and Mothae xenolith suites (Fig. 3 F) calculated by 
this combination of thermometer and barometer are signifi- 
cantly displaced to lower pressures, to the extent that the 
values for the diamond bearing xenolith BD 2125 from 
Mothae plot some 8 kbar below the minimum pressure re- 
quired for diamond stability. 
P- T estimates for garnet lherzolite xenoliths obtained 
by Boyd (1984) and Finnerty and Boyd (1987), using the 
MC74 barometer in combination with various two- pyrox- 
ene solvus thermometer formulations, do not indicate an 
inflected palaeogeotherm for Udachnaya, Siberia in con- 
trast to that for northern Lesotho. Contrary to the state- 
ment by Boyd (1975), this does not prove the reality of 
the inflected palaeogeotherm for northern Lesotho but, 
merely reflects contrasting bulk rock and mineral chem- 
istries in the deformed, high -T garnet lherzolite xenolith 
suites from these two areas. 
There is a scarcity of satisfactorily complete. bulk -rock 
chemical analyses of adequately documented xenoliths from 
Udachnaya. However, a single analysis of a deformed, high - 
T xenolith (Ud.5 - Sobolev 1977; Borley 1975) indicates 
that, in contrast to the equivalent xenoliths from the north- 
ern Lesotho kimberlites, any enhanced Na content may be 
coupled with Cr. This appears to be further borne out by 
analyses of constituent orthopyroxenes in Udachnaya xeno- 
liths (Boyd 1984; Carswell, unpublished data) which reveal 
lower jadeite contents (and correspondingly higher ureyite 
contents) compared with orthopyroxenes in deformed, 
high -T xenoliths from Thaba Putsoa, Mothae and Letseng 
in northern Lesotho (cf., Fig. 3A -C). Hence pressure esti- 
mates for the deformed, high -T xenoliths from Udachnaya 
obtained by the MC74 barometer will not be subject to 
the same large reduction due to its failure to take account 
of appreciable jadeite contents in orthopyroxenes as ob- 
served in equivalent xenoliths from the northern Lesotho 
kimberlites. Our P* = T* estimates for both the coarse, low - 
T and deformed, high -T garnet lherzolite xenoliths from 
Udachnaya certainly lie close to a conductive geotherm as- 
sociated with a 40 mW m -2 surface heat flow such as might 
be expected for a stable cratonic region (D.A. Carswell, 
in preparation). 
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C. General papers or papers based on high pressure metamorphic rocks from 
other geological settings 
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The geochemistry of `charnockites' and their 
constituent ferromagnesian minerals from the 
Precambrian of south -east Sri Lanka (Ceylon) 
D. E. DE S. JAYAWARDENA' AND D. A. CARSWELL 
Department of Geology, University of Sheffield, Sheffield, Si 3JD 
SUMMARY. A chemical and petrographic study of charnockites and pyroxene /hornblende- bearing 
granulites has been undertaken, and the data used in an interpretation of the petrogenesis of these 
rocks. Major- and trace -element analyses of fourteen rocks are presented, together with major - 
element analyses of seven orthopyroxenes, seven clinopyroxenes, two garnets, and three hornblendes. 
The compositions of the coexisting ferromagnesian minerals are used to obtain estimates of the 
likely pressure temperature conditions of equilibration (5 -7 kbar and loo -?-go `C) of the various 
mineral assemblages. 
Geological setting. The Precambrian rocks of Ceylon are divided into the Highland 
Series (metasediments and charnockites) and the Vijayan Series (granites, granitic 
gneisses, and migmatites) -Cooray (1962). The area studied in the south -east of Sri 
Lanka straddles the boundary between the Highland Series and the Vijayan Series, 
the most significant features being the absence of a transitional zone and the presence 
of acid charnockites in the form of circular domes in the Vijayan Series. This is in 
contrast to the findings of Cooray (1961), who mapped an area north of the present 
area of study. 
The prominent rock types encountered are: Highland Series: charnockites (acid, 
intermediate, and basic); undifferentiated metasediments (garnetiferous granulites, 
garnetiferous biotite gneisses, garnet -sillimanite -biotite gneisses); khondalites (quartz - 
feldspar- garnet -sillimanite- graphite schists); quartzites; crystalline limestones; calc- 
gneisses and calc- granulites; amphibole granulites; and amphibolites. These rocks are 
found closely associated with each other and this association is invariably of an 
interbanded nature. 
The area immediately east of the Highland Series is underlain by rocks grouped 
under the Vijayan Series (Balendran, 1968): hornblende -biotite gneisses; granites; 
granitic gneisses and migmatites; acid to intermediate charnockites; calc- granulites 
I Present address: Geological Survey Department, 48 Sri Jinaratana Road, Colombo -2, Sri Lanka. 
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Petrology of garnet- clinopyroxene rocks 
in a granulite facies environment, Bohemian massif of Lower Austria 
by HEINZ G. SCHARBERT' and DENNIS A. CARSWELL** 
* Institut fur Petrologie. Universität Wien, Dr. Karl Lueger Ring I. 1010 Wien, Austria. 
" Department of Geology. University of Sheffield. Mappin Street. Sheffield SI 3]D. U.K. 
Abstract. - Whole rock and mineral analyses are presented for garnet-clinopyroxene rocks found intimately 
associated with possible mantle derived gametiferous peridotite bodies in a high pressure granulite facies terrain. 
Although garnets are pyropic (48 -76 n pympe) these rocks are not true eclogites since their constituent clinopyro- 
xenes are not omphacites but rather Al- augites or Cr- diopsides with Alt' iAl" ratios. mostly > 1.0. Element 
partitioning considerations between garnet -clinopvroxene and clinopymxene- orthopymxene pairs are taken to 
indicate arrested equilibration under pressure- temperature conditions compatible with those previously deduced 
for the surrounding granulite facies rocks. However, mineral zoning profiles and cxsoluuon textures clearly 
indicate that the current metamorphic mineral assemblages have formed in response to cooling from an earlier 
temperature rand pressure ?) maximum. It is considered that these gamet- clinopyroxene rocks may represent the 
partially rrcrvctallised crystalline products of trapped upper mantle partial melts of olivine tholeiite to picrite 
composition in which highly aluminous pyroxenes were the dominant original phases formed on the liquidus. The 
present metamorphic character and lithological associations of such rocks may accordingly bear witness to 
deep -seated tectonic interactions between the upper mantle and lower continental crust during a profound com- 
pressional orogenic event. 
Key words : granulite facies. eclogite. garnet group..clinopyroxene, geothermometry. 
Pétrologie des roches à grenat- clinopyrosène dans un environnement du domaine des granulites. Massif de 
Boheme de la Basse Autriche. 
Résumé. - Des analyses de roches totales et de minéraux sont donneec pour des roches á grenat et clinopyro- 
xene decouvertes intimement associées s des massifs de péridotite a grenat probablement issues du manteau et 
incorporees dans un domaine granulitique de haute pression. 
Bien que leurs grenats soient riches en pympe (48 -76 4 pyrope) ces roches ne sont pas de vraies eclogites etant 
donne vue leurs cltnopvroxenes ne sont pas des omphacites. mais plutôt des augites alumineuses ou des diopsides 
cnromiferes avec aes ramons Al'",A1' bien suoeneurs á I. Les informations fournies par les coefficients. de 
partage entre ies couples grenat- clinopvmxene et ciinopyroxene- onhopymxene permettent d'établir des conditions 
de pression et temperature d e formation compatibles avec celles deja trouvees pour les roches granulitiques 
encaissantes Cependant. les structures zones des mineraux et lee figures d'exsolution indiquent clairement que 
ies parageneses metamorphiques courantes ont ete formees lors d'un episode de refroidissement intervenant apyres 
un premier maximum de temperature let de pression '. 
On considere que ces roches à grenat- clinopyroxene peuvent representer le matériel cnstallin piégé partiellement 
recristallisé Issu des produits de fusion partielle du manteau supérieur. de composition tholéitique à olivine. à 
picritique, dans lesquels les pyroxenes riches en alumine furent ies phases initiales principales formées sur le liqui- 
dus. Le caractere métamorphique actuel et les associations lithologiques de telles roches peuvent éclairer d'un jour 
nouveau les interactions tectoniques profondes entre le manteau supérieur et la partie inférieure de la croûte 
continentale lors d'un evenement orogénique intense. de type compressif. 
Mots -clés : facies granulite. éclogite. grenat, clinopyroxéne. geothermométrie. 
L\ TRODGCTIOti 
Granulite facies rocks. leucocratic potash 
feldspar rich gneisses (Gföhl gneiss). pyrope- 
bearing peridotites and garnet- clinopyroxene 
rocks ("eclogites ") (Becke et al., 1914 ; 
Köhler. 1941) have been recognized as a typical 
lithological association of the Gföhl unit (Fuchs. 
1971) within the Moldanuhian Zone of the Bo- 
hemian massif in Lower Austria. Comparable 
features on the Czechoslovakian side have been 
pr_sented by Fiala (1966) and Kopecks and Sat - 
tran (1966). 
The granulite facies rocks have been investi- 
gated in some detail. lately by Scharbert and 
Kurat (1974). by Scharbert et al. (19761 and by 
762 H.G. SCHAR©ERT, D.A. CARSWELL 
Fuchs and Scharbert ( 1979). Physical conditions 
with pressures exceeding 10 kbar (low Ptt?o) and 
a minimum temperature of 760 °C seem to have 
prevailed during the deep -seated granulite facies 
metamorphism of Caledonian age (Arnold and 
Scharbert, 1973) in this area. 
It has been previously suggested that the gar- 
net peridotites and associated garnet - 
clinopyroxene rocks are of Upper Mantle origin 
and have been emplaced into low crustal granu- 
lite facies environments. in the solid state by 
deep- reaching tectonic movements ( Kappel, 
1967 : Rost and Grigel, 1969 Scharbert, 
1973). Matura ( 1974) noticed the distribution of 
the ultrtmaf c rocks in narrow zones which are 
concordant with the internal structure of the gra- 
nulite facies bodies. An Upper Mantle origin of 
garnet peridotites and associated eclogites and 
their tectonic emplacement into high grade me- 
tamorphic terrains have also been suggested el- 
sewhere by several authors (Carswell. 1968u.b ; 
Carswell and Gibb. 1980 : Ernst, 1978 : Korn - 
probst, 1969 Medaris, 1980 ; O'Hara and 
Nlercv, 1963 : and others). 
Two occurrences of Moldanubian garnet - 
clinopyroxene rocks ( "eclogites") have been in- 
vestigated previously by Kappel (1967). He pro- 
posed the following scheme to explain the deve- 
lopment of these rocks and their association with 
garnetifcrous peridotites. 
I. Crystallisation of the garnet peridotites 
from a "pyrolitic magma" at pressures of 
around 23 kbar. 
2. Formation of the "eclogites" from locally 
concentrated basaltic "residual magma" with 
crystallisation temperatures of 1 530 -1 630 °C at 
a minimum pressure of 23 kbar. 
3. Equilibration of the present garnet - 
clinopyroxene assemblage at around 1 000 °C 
on cooling still at mantle depths. 
4. Tectonic emplacement of these mantle 
rocks into lower continental crust subject to gra- 
nulite facies conditions, with attendant retro- 
gression of the mantle derived rocks. 
There is some confusion over what Kappel 
meant by crystallisation from a 'pyrolitic 
magma' and by the 'residual magma' as well as 
uncertainty concerning the respective equilibra- 
tion conditions of the garnet clinoproxenites 
and the encompassing granulite facies rocks. 
Dempsey and Scharbert (1981) have demons- 
trated that the high pressure (20 -30 kbar) melts 
of a typical Moldanubian garnet clinopyroxenite 
specimen ( 1096) quench to highly aluminous 
pyroxenoid phases which may have been the pri- 
marS. crystallisation products from such melts in 
the mantle. 
Recent observations have . revealed a so- 
mewhat more variable modal mineralogy in the 
garnet clinopyroxene rocks than previously reco- 
gnised. Garnet and clinopyroxene may be joined 
by orthopyroxene and spinet in various propor- 
tions. the appearance of minor olivine leads to- 
wards a Iherzolitic character in some instances, 
and the appearance of minor plagioclases provi- 
des a possible link with pyri_lasites (Scharbert, 
1963) - considered to represent basaltic rocks 
metamorphosed under high pressure granulite 
facies conditions. The pyriclasites consist of 
garnet. clinopyroxene. plagioclase, orthopyro- 
xene. pargasitic amphibole. manganese ilmenite 
and scarce spinet. Formerly they have been call- 
ed "plagioclase eclogites" (Tertsch, 1921), a 
most unsatisfactory name. 
The principal aim of the present contribution 
is to demonstrate with new data on several oc- 
currences the results of a closer investigation of 
the mineralogical adjustment of the garnet - 
clinopyroxene rocks to lower crustal granulite 
facies conditions. 
PETROGRAPHY 
.ANI) ROCK CHEMISTRY 
The garnet- clinopyroxene rocks appear in the 
form of layers of variable thickness (up to 
40 cm) within the sometimes strongly serpenti- 
nised garnet pendotite bodies. They may also 
appear as tectonically disrupted lenses of 
fragments of irregular shape,(cf. Kappel, 1967, 
p. 269). The localities of investigated garnet - 
py'roxene rocks can be deduced from figure 1. 
The geological mode of occurrence of all 
these rocks closely resembles that described for 
similar rocks by Kornprobst (1969) from Beni 
Bouchera (Morocco), by Dickey (1970) and 
Obata ( 1980) from the Sierra de la Ronda 
(Spain). by Dickey (1970) and Conquéré (1971) 
from l'Etang de Lerz (France). and by Carswell 
(1968a, 1973) and Medaris (1980) from Norwe- 
gian localities. 
GARNET -CLINOPYROXENE ROCKS OF LOWER AUSTRIA 
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FIG. 1. - Simplified map of the tectonic units of the Lower .4ustrian Moldanuhian Zone (Fuchs, 1971). Dots 
indicate garnet -clinopyroxene localities considered in this paper. 
Curte simplifiée des unites tecwnzques de la Zone Mnldanuhfenne de la Basse Autriche (Fuchs, 1971). Les 
points indiquent les localisations des clinopyroxenttes a grenat considerees dans cet article. 
As previously indicated Kappel t 1967). the 
Lower Austrian garnet -clinopyroxene rocks 
usually have metamorphic textures though fre- 
quently with evidence of textural disequilibnum, 
No "primary" crystallisation products have 
been observed. with the possible exception of 
specimen 857 which is a clinopyroxenite with a 
relatively sub- calcic clinopyroxene as the sole 
mineral phase. 
Mineralogical and textural features are consi- 
dered to justify recognition of the following pe- 
trographic variants : 
I. Garnet websterite I (garnet + clinopyroxene 
+ orthopyroxene), 
2. Garnet websterite If (garnet + clinopyroxene 
+ orthopyroxene. with sometimes olivine. spi- 
nel, minor MgO -rich ilmenite and brown amphi- 
bole), 
3. Garnet clinopyroxenite (garnet + clinopyro- 
xene, minor plagioclase), 
4. Spinel- bearing garnet clinopyroxenite (garnet 
clinopyroxene -- spinet. minor plagioclase). 
5. Spinel- bearing garnet websterite (garnet + 
clinopyroxene - orthopyroxene -- spinel). 
Only rock types l -3 are considered in detail in 
this paper. 
Garnet websterites ! contain dark -red garnets of 
variable size and amount. In some of the speci- 
mens garnet becomes the predominant consti- 
tuent, reaching up to 5 mm in diameter. Some 
of the samples have kelyphite rims around gar- 
nets, especially those with high MgO- contents. 
Exsolution of orthopyroxene from clinopyroxene 
is a typical feature of this group of garnet web - 
sterites. The exsolved orthopyroxene occurs in 
the form of small spindles, lamellae or grainlets 
within the clinopyroxene host (Figure 2) or 
between adjacent clinopyroxene grains. Exsolu- 
tion of garnet from clinopyroxene, as described 
by Beeson and Jackson (1970), Green (1966) or 
Komprobst et Conquéré (1972). has locally been 
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FIG. 2. - Orrhopvro.rene exsolution in clinopvrotene. 
Garner websterire 1. Crossed nicols. 60x. 
Exsolution d'orthopro.cène dans un clinopvroxène. 
Webstérire ci grenai 1. Polariseurs croisés. x 60. 
observed and will be described more gully in a 
future paper. 
Garnet websterites II contain a medium to fine- 
grained matrix of two pyroxenes. Occasion - 
nally, large clinopyroxene porphyroclasts with 
or without exsolved orthopyroxene, are situated 
in the recrystallised matrix. Coarse- grained gar- 
nets are irregularily distributed. They are often 
kelyphitised (Figure 3) or surrounded by brown 
amphibole. Cr- bearing spinel occurs as a minor 
constituent in the matrix. In one specimen 
(850), MgO -rich ilmenite has been found 
FIG. 3. - Kehphitized garnet and two pvraxene mo- 
saic with imerted spinels. Garnet websterit_ II. 
Plane light, 60x. 
Mosaïque de grenat kélyphitisé et de deux pyroxè- 
nes avec inclusions de spinels. Webstcrite.c ci grenat 
Il. Lumière naturelle, x 60. 
(Scharbert, 1979). MgO -rich samples may also 
carry forsteritic olivine, with up to 0.5 weight -% 
NiO. 
Garnet clinopyrosenites (Kappel's "eclogites ") 
mainly consists of medium- to coarse -grained 
garnets and clinopyroxenes. Zones of crushing 
and undulous extinction in the clinopyroxenes 
demonstrate some deformational influence. Cli- 
nopyroxenes of slightly different composition 
constitute the recrystallised fine grained mosaic 
fabric. The garnets are sometimes surrounded by 
rims of minute plagioclase grains with composi- 
tions between An and An71 (Kappel. 1967. p. 
273). Anomalous birefringent garnets have also 
been described by this author. This is the rock 
type which lead Kappel to reach his final 
conclusion concerning its Upper Mantle origin 
and later adjustment to the granulite facies tecto- 
nisation. 
Whole rock analyses for major and trace ele- 
ments in selected rock samples are given in ta- 




m. 851 852 
E102 4c.24 8.45 
`0.13 
.8.50 .6,89 87.47 47.8'. 
1C2 G.16 0.30 0.07 C.12 0.12 
103 11.57 11.21 9.22 16.48 12.68 12.87 
Cr2G, 0.13 0.29 1.31 C.09 0.09 C.11 ;..; 0.98 0.97 :..83 0.28 1.25 0.62 
Y.. . - 5.42 . .C. 6.34 6.84 
r.nc ..Y C.1E .. 0.21 C.18 C.18 
Nst 18.90 20.10 . 1 .I 15.1. 1..95 
:4c 13.67 12.2. 1.16 1..68 18.55 
aa20 0.73 0.8. . 1.20 1.70 1.62 
120 0.02 G.10 6,14 0.10 
820 0.16 0.18 . G.2p 0.21 0.12 
P205 0.09 0.07 .+<. - 0.07 0.05 
total 99.87 99.82 01.73 100.63 100.07 100.01 
ClpYbor. : 
.r 0.1 0.8 0.65- 0.6 0.8 
an ,.a 7.2 2.0 1.1 14.9 9.2 















b7 - 18.7 53.0 6.1 
el 34.6 2..5 28.1 26.1 21.6 2..8 
.t c.9 1.0 0.4 0.3 1.3 0.6 
Sl 0.2 C.2 C.4 0.1 0.2 0.2 
W 0.2 0.1 0.1 0.1 0.2 
cr 0.1 0.3 1.4 
10c "IR 81.0 85.6 91.6 87.0 71.1 78.2 
Mg . r. 
TABLE I. - Bulk chemical composition of selected 
garnet websterites and garnet clinopvroxenites. 
Composition chimique de quelques webstérites ó 
grenat et de clinopyroxénites ci grenat. 
r 
GARNET- CLINOPYROXENE ROCKS OF LOWER AUSTRIA 765 
0t-VbI 0t-VbI1 0t-.^p:1se 
1096 P46 14e 651 P52 
311 708 1483 270 371 333 
80 1998 8398 600 823 711 
114 an 138 350 143 166 
115 5 139 26 72 132 
50 38 69 6o 43 47 
36 42 24 - 3 30 
It 
116 16 22 10 27 18 
,M 60 1 23 - 194 221 
u 166 23 53 102 31 
2 1 2 5 
- 
30 11 10 27 16 
If .2 
1 0.8 0.76 0.9 
D 0.3 0.9 1.1 
2.65 1.09 1.95 
N 5.22 0.26 C.55 
Ic 1.15 ,J.14 0.20 
a '.57 
IE 2.51 c...., 0.75 
C.4O 0.14 0.14 
)BLE II. - Trace elements contents in selected gar- 
websterites and garnet clinopyroxenites (in 
PPm) 
Teneurs en éléments traces de quelques webstérites 
ógrenat et de clinopyroxénites (en ppm). 
net websterites. with 844 olivine -bearing. 
ì i'ecimens 851, 852 and Me (Meldling im Tal, 
»ppel. 1967) are garnet clinopyroxenites. Ob- 
rous distinctions exist between the two groups : 
former have higher Me0 contents (espe- 
Iy the olivine bearing sample) and lower 
3. CaO and alkali contents. All the rocks 
live relatively high Cr and Ni contents (again 
mably the olivine bearing garnet websterite) 
are low in incompatible elements. such as 
Rb and REE. The consistently high norma- 
e olivine contents reflect the fact that these 
tks have an olivine tholeiite to picritic basalt 
.iemistry in line with experimental and petrolo- 
al deductions of the likely character of primi- 
e upper mantle partial melts (Carswell, 
:!%8a ; Conquéré, 1971 ; Dickey et al., 1977 ; 
'ioubet and Allègre, 1982 ; O'Hara, 1965 ; 
'ray, 1982 ; Stolper, 1980). 
MINERAL CHEMISTRY 
;arnets 
ln table III, a selection of microprobe analy- 
ts is summarised. The three groups of rocks are 
designated as A -C. The analyses are listed ac- 
cording to their increasing FeO content in grain 
cores, if zoned. The garnets of the websterites 1 
(A) are homogeneous in many specimens. How- 
ever they are occasionally surrounded by narrow 
rims of slightly different composition. The 
pyrope- contents of grain cores always exceed 
63 mol. -% ; those of the rims are somewhat 
lower. Almandine contents are higher in the 
rims. There is usually no great difference in 
CaO content, with respect to cores and rims. 
MnO is higher in the rims. Cr203 contents of 
garnets range up just less than I wt.%. The gar- 
nets of the websterites II (B) are similar in com- 
position. 850 has an almandine -rich rim, whose 
MnO content is also high. TiO- of this garnet 
reflects the overall enrichment in TiO1 of this 
sample, which contains ilmenite and TiO1 -rich 
pyroxenes. All these phases in sample 850 are 
also higher in iron. 
The wet chemical analyses of the garnets in 
specimens "Mi" (Mitterbachgraben) and "Me" 
(Meidling im Tal) by Kappel (1967. p. 282) are 
shown in table III for comparison with the new 
microprobe analyses for the garnets of the garnet 
clinopyroxenites (C). Zoning appears in varying 
intensities : 851 has a homogeneous central part, 
853 has a weak zonation, whereas 852 is homo- 
geneous throughout. The element distribution 
patterns for CaO. MnO and FeO appear similar 
with those given by Kurat and Scharben (1972). 
Scharbert and Kurat (1974) and Fuchs and 
Scharbert (1979) for garnets in associated granu- 
lite facies rocks. Generally. this latter group of 
garnets is lower in MgO and Cr101 and higher 
in FeO and MnO. than the websterite garnets. 
Figure 4 shows the direction of the composi- 
tional zonation marked by arrows. The webste- 
rite garnets are characterised by differences in 
FeO and MgO between the homogeneous cores 
and the narrow rims, whereas the garnets of the 
clinopyroxenites show major differences in CaO 
and FeO between cores and rims. 
Clinopyroxenes 
Clinopyroxenes of different compositional ty- 
pes occur in these rocks. They can roughly be 
subdivided into two main categories. viz. Cr- 
diopsides and Al- augites (Wilshire and Shervais, 
1975 ; Wass, 1979). The chemical analyses are 









5172 41,7 41,3 4L.5 41,4 41.,8 41.8 41,7 
71C2 :'.17 2.19 2.09 C.16 0.09 C.19 7.12 
A:27t 23.1 22.1 22,7 22.0 22.1 23.5 23.- 
^r.C, 7.35 C.72 2.93 2.34 0.34 7.13 0.7- 
'r. 5.96 '.3 9.5 9.0 13.1 9.5 9.5 
5,12 7.33 ..34 ..15 1..35 c.48 7,33 _..r 
4e' 22.. .1.6 . . 10,5 1P.3 , .r 1P 
'a0 4.22 .. .. 9.9 6.8 5.6 5.6 
1:lal 75.93 '... lr:./' ICì.SC 172.01 172.Cc 
fn.- f5.4 
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r c r c r 
S1C_ 47.9 4'.7 41.7 41.6 47.3 a9,' 
TtC, C.11 -.75 7.1 7.1 C.42 :.34 
4:2.:, ..., 22.5 22.1 22.0 22.4 21.9 
7.24 :,74 1.7 7.9 '.39 7.45 
11.e0 10.0 '2.9 6.4 9.6 14.1 19.2 
4517 7.26 7.52 7.2 :.2 2.42 7.87 
MEC 21.9 _. 23.6 27.9 19,1 '1.0 
7.7 ..4 5.4 
tr943 15Q'.5 104'.6 1'...53 171,\: 
iyr ,C.F 6:.4 75.7 e9.9 59.5 4'.` 
+.s 16,2 74.3 11.5 17.9 26.2 3o,e 
.: 12.4 12.8 '3.2 
Sp 2.5 .. C.4 0,4 7.7 1,7 









5102 42.1 41,8 41.29 39.9 40.3 47.2 47.2 
1102 C.09 C.04 0.06 0.3 C.3 0.3 0.1 
11203 .11.4 23.4 73.72 22.5 22.6 23.5 23.2 
2r203 
7.13 0.13 - - 
FeO 9.47 10.5 9.65 17.3 11.6 17.7 13.4 
Mn0 0.25 7.26 C.52 C.3 C.3 C.3 7.3 
Ng0 17.5 '.8 16.3 16.2 '5.2 15.9 17.4 
Ca0 7.36 6.02 8.25 11.4 9.4 9.5 5.7 
total 100.30 94.97 99.25 107.7 107.0 107.2 107.' 
17r 51,9 6'.2 7.9 '.4 57.6 5°.7 59,f 
Ale .- 2..9 19.6 '.0 22.5 27.. 25.F 
óroa 19.7 ... 2'.4 .-.. 24.2 23.6 14.' 
Sp C. 1., C.6 (.6 C.6 7.6 
E,.! .... -... ...66' 2.645 2.579 ..622 
N: 552 ?51 
_ r 
:172 4'.1' 4C.- 47.6 7.0 
7102 C.08 
A1iC3 23.91 21.4 22.4 ...:.) 
^r203 
- (.23 7.1 7.1 
?eC 1C..e3 '1.6 12.7 '4.' 
Mn0 C.41 C.35 0,4 7.4 
MF0 L.71 17.0 16.7 '6.3 
74C 8.89 7.43 e.5 f.6 
total 107.34 165.18 100.59 102.0 
176 5'.2 55.9 55.' 
Al. 22.4 2 :.7 22.8 29.7 
Iron 23.6 27.9 27.5 16,' 
S1 C.9 :.7 C.6 .... 
S 6 2.579 C.5476 1.57? _.492 
T \BLE 111. - Chemical composition of garnets. A : garnet liehsternes I : B: garner websterites 11 : C : earnef 
clinop3rorenites. Me and Mi are taken from Kappel (1967. p. 282). Analyses are arranged according to 
increasm'_ FeO contents in the cores. All iron as FeO. c = core. r = rim. 
Composition chimique des grenats. A : webstérites à grenat I : B : webstérites à grenat II : C : clinopyroxéni- 
tes à grenat. Me et Mi d'apres Kappel (1967. p. 282). Les analyses sont disposées selon l'augmentation de la 
teneur en FeO au centre des grenats. Fer total en FeO. c = centre. r = bordure. 
summarised in table IV (A-C), in the same order 
as in table III. 
The clinopyroxenes of the garnet websterites I 
(A) are distinguished by A1203 contents from 
3.4 to 6 wt.% ; Cr203 is mostly over 
0.15 wt.%, reaching up to 0.5 wt. %. TiO2 is 
usually low. 100 x Mg/(Mg + : Fe) ranges 
from 88.3 to 94.3 ; 100 x Ca /(Ca + Mg) lies 
between 45.0 and 49.9. Alm has an average of 
0.133 on the basis of 6 oxygens. These clinopy- 
roxenes mostly fall below the 1:1 dividing line 
in the diagram of Aoki and Shiba (1973), indi- 
cating Alt /Al"t ratios mostly over 1. These Cr- 
diopsides can therefore be taken as granulite fa- 
cies type clinopyroxenes. 
The composition of the clinopyroxenes of the 
garnet websterites II (B) is very similar to the 
former ones. Two generations of clinopyroxenes 
have been identified in the specimens 844 and 
850. 844a represents a clinopyroxene porphyro- 
clast of a presumably older generation, in com- 
parison to 844b, which is the analysis of neo- 
blasts in the matrix. The main differences lie in 
the higher CaO of the latter and the higher 
A1703, Cr203 and Na,O of the former. As 
already mentioned. specimen 850 is rich in FeO 
and Ti02, a feature which is also expressed in 
the clinopyroxenes a and b. In contrast to speci- 
men 844, there are no major differences in this 
specimen between the different clinopyroxene 
texture types and it is thought that the matrix 
pyroxenes (b) may just be mechanically disinte- 
grated, unrecrystallised, large grains (a). 
Alt" /Alvi reaches 5.41 in 844 and even 7.14 in 
gross 


















FG. 4. - Garnet zoning. Arrows point to rim compositions. Single signs stand for homogeneous grains. See text 
for explanation. Open circles : garnet websterites, closed circles : garnet clinopyroxenites. 
Zonation du grenat. Les flèches indiquent les compositions des bordures. Les signes simples indiquent les 
grains homogenes. Voir le texte pour les explications. Cercles ouverts : webstérites à grenat : cercles pleins : 
chnopyroxenrtes a grenat. 
150b. There is no .Al" in 850a, though this may 
reflect inaccuracy in the Si02 determination for 
Jtis particular sample. 
As already pointed out by Kappel (1967, 
1.284), the Meidling im Tal ( "Me ") and Mit- 
trbachgraben ( "Mi ") clinopyroxenes of the 
Roo clinopyroxenites (C) are highly alumi- 
ous. During the course of the present study, 
similar clinopyroxenes have been detected in 
flintier samples from the Mitterbachgraben area 
'Figure 1). A1203 ranges from roughly 7 to 
10 wt.%. These clinopyroxenes have lower 
Hg0 contents and are higher in Na,O, compar- 
d with the websterite clinopyroxenes. They 
gem best called Al- augites. Cr,03 and TiO2 
ontents are low. Alt`` /Alvi is always less than 
1.100 x Mg /(Mg + : Fe) ranges from 84.0 to 
12.9, 100 x Ca /(Ca + Mg) from 46.7 to 53.8. 
Column D in table IV represents the analysis 
of a monomineralic clinopyroxenite. A1201 is 
high Alfe /Alit is comparable with the group 
C- clinopyroxenes. 100 x Ca /(Ca Mg) is low. 
The mineral is a moderately sub -calcic Al- 
augite. 
The consideration of total Fe as FeO in the 
calculation of the end members of the garnet 
websterite clinopyroxenes ignores the possible 
acmite contents in favour of jadeite. If one re- 
verses the calculation order, then jadeite is 
lowered and considerable acmite is indicated. 
Reiteration then enables derivation of stoichio- 
metrically calculated Fe,03 contents (Mysen and 
Griffin, 1973). However, we have not included 
these values in table 4 as in most cases too much 
acmite and insufficient jadeite has been calculat- 
ed, since end member calculation necessitates 
converting all the Fe to Fe3+ in many of the 
websterite clinopyroxenes. This may reflect ana- 
lytical errors (notably in Si02) or perhaps these 
crystals are genuinely non- stoichiometric. We 
cannot therefore obtain the jadeite/Ca- tscher- 
maks ratios in these clinopyroxenes in a reliable 

















7iC2 0.12 C.19 6.11 C.27 0.24 C.12 C.RS 
A1_03 4.52 5.77 4.91 3.45 6.05 5.22 5,51 
7-2C3 C.29 C.47 
C.28 0.15 0.06 C-16 0.55 
ee703 
Fe0 2.35 1.97 7.12 2-64 5.92 2.88 2.26 
M110 0.11 0.07 0.11 0.04 0.07 0.1 
FRC 18.0 18.2 +7.2 1=.6 16.6 17.0 17.E 
Ca0 21.6 22.6 19.6 22.6 20.8 23.5 21.6 
142C 1.76 0.99 1.17 0.9 1.21 1.18 1,41 
C20 - c0.02 0.03 
ct.1 10;.07 10:'.46 95.53 105,8' 102.62 101.13 99.6' 
44.5 45,7 42.6 44.7 44.4 47.7 44,E 
51.7 51.2 52.6 51,2 49.1 l'.8 51.5 
'...8 5 1 5.4 4.1 6.5 4.5 
97.1 44.7 0C.6 ...E 96.1 91.4 0rf 
¡77r: 4.3 4'.1 45,6 46.E 47.5 19,9 45.5 
6.6^3 0.06 C.103 C.080 6.132 0.094 C.'272 
A_TV/v1 2.13 2.33 6.65 2.16 1.06 2.17 1.15 
6446 8506 6506 1847 346 Ile 
_3:.2 51.4 49.9 50.8 52.85 52.6 50.7E 
'102 6.06 C.62 6.69 6.17 0.04 0.09 
A1265 3.3 4.1 4.0 6.89 9.20 16.01 
0.4 0.15 0:17 6.15 6.27 - 
"2°3 -. - - 6.59 
5e0 2.03 4.2 5.1 2.94 3.1 1.97 
w16 6.08 6.13 C.11 2,,10 6.14 1.11 
17.2 18.4 1+,5 14.2 14.4 
ear 21,E 2-.6 <<.1 2b.6 2.7,1 .. 
5a. 1.C1 6.75 :.78 2.02 1,5e -. 
e= - - ...4^ - - _.0' 
7.0261 v..]? '9.95 
45.0 4:.: 43.0 4-.4 4-.4 44.7 
Mr 4E.1 - - 48.2 42.1 46.9- 51.r. 
PP .. .^ 7.9 5.5 5.1 4 
93.9 P7.8 P5.9 89.5 99.1 92.2 F e 
1.v r ^a 
56.4 45.5 47.E S0./ 50.2 46.7 
F./IÉ 6.064 0.159 0.164 0.117 C.122 C.Cw 
411V/43" 5.41 - 7.14 0.37 C.53 C.e- 
manner. It can only be said that the generally 
high Ali' /Alvl values (Table 4A and B) suggest 
low jadeite /Ca -Ts ratios. 
On the other hand, the clinopyroxenes of the 
garnet clinopyroxenites are rather less of a pro- 
blem. They yield better stoichiometric end 
member calculations with little Fe' indicated. 
These minerals have consistently low Alt` /Alva 
ratios. For comparative purposes Ca:Mg:Fe va- 
lues are again given with total Fe as FeO. 
453 Ni 1152 451 
0 
457 
5102 50.7 50.48 51,7 52.2 51.2 
'102 0.11 0.14 001 0,1 1,04 
A1202 9,4 9.33 9.4 9.4 7.74 
Cr203 0,12 - 0.07 0,13 
F.203 2.04 1.44 - 
F.0 1.47 3,23 3.4 3,1 5.25 
M180 0,04 0.1 0,09 0,14 0.13 
1190 13,1 73,43 12.4 12.4 16.42 
Cao 21,1 19,51 19,1 20,4 15,52 
Ma20 1.47 1,94 2.12 2,0 1,36 
1(20 
0.11 - 0.02 
total 100,49 99,40 99,19 100,04 94.70 
Ca 49.4 44.7 48.1 50,4 36,5 
Mq 44.3 44.4 44.4 11.5 53,8 
/F. 6.3 4.5 7.0 5,9 9.7 
iv, t Ç. 
87.5 44,0 84.5 48,1 64,9 




0,142 0,190 1,156 0,136 0,18^ 
0,77 C,75 2,44 0.43 C-67 
TABLE IV. - Chemical compositions of clinopvrose- 
nes. A : garnet 41-ehsterites 1 ; B : garnet Nehsteri- 
tes 11 ; C : earner clinopyroxenites. Me and Mi are 
taken from Kappel (1967. p. 284). All iron as FeO 
in the columns A. B and D. Fe-07 has been stoi- 
chiometrically calculated in the C- clinopymxenes. 
Compositions chimiques des clinopvroxénes. A : 
61ebstérites à grenat I : B : x-ebstérites à grenat 1l : 
C : clinoperorénites à grenat. Me et Mi d'après 
Kappel ( I967. p. 284,. Fer total en FeO dans les 
colonnes A. B et D. Fe -07 a été calculé stoechio- 
metriquement dans la colonne C - clinopyroxènes. 
Orthopyroxenes 
This phase only appears in the gamet webste- 
rites, viz. as an exsolution feature in type I and 
as individual grains in type H. The modal 
content of orthopyroxene in garnet websterites II 
is always much less than that of clinopyroxene. 
In table V, orthopyroxene compositions are 
summarised. In both groups the orthopymxenes 
have quite similar compositions. 100 X Mg /(Mg 
+ Y. Fe) varies from 81 to 91, lower than in all 
the coexisting clinopyroxenes. A1201 is higher 
or lower than in the clinopyroxenes of the garnet 
websterites I, but consistently lower in the gar- 
net websterites II. Aliv /Alva varies unsystemati- 
cally. The 850 orthopyroxene is again characte- 
rised by the highest FeO and TiO2 in this study. 
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1068 800 619 1094 827a 846 644b 850F 
51.2 53.1 54.0 53,1 .5,0 53.7 52,5 52. 
0.07 - 0,02 0,08 0,04 0.03 0,08 0.7 
-,78 ^,4 5.2 :.2 4.8 4,6 4,) 2.6' 
0,07 0,27 0.21 0.19 0,06 0.12 0.25 001 
6,3 8.8 12.3 7,1 10.1 8.7 7.3 12,0 
0.15 0,1) 0.28 0.12 0.09 0,13 0.14 0,11 
)5,7 34.8 28,3 34,2 30.) 33,0 32.8 )0,6 
0,91 0,47 0,76 0,88 0,78 0,61 0.27 0.54 
<0.02 40,02 40.02 40,02 0,02 - 0,0) 
100,18 101.0- 101,91 100,87 100,79 1(0,89 99.74 100,92 
1.6 0.8 1.5 1.4 0.9 1,1 0,7 
89,5 89,4 79,1 88,2 01,4 86.1 88,6 80,0 
8.8 8,7 14.7 10,7 15.7 12.7 10.7 16.? 
'?i:60 " 51,0 y0,: 80,3 8!.6 84,2 8',: 85.2 .9 
p ..... 0.106 .240 ..1c r,188 ..1c 0,120 3.235 
'BLE V. - Chemical compositions of orthopvraxe- 
ses. A : garnet wehsterites 1 : B: garnet lrebsteri- 
'es Il. FeO is total Fe. 
Compositions chimiques des orthop-rro.ténes. A : 
Mebstérites grenat I : B: websterites it grenat II. 
fe0 : fer total. 
: unphibole 
Pale to medium brown amphibole with rather 
,tat; pleochroism is a constituent of the garnet 
tbsterite II 850. It appears only as rims around 
)se of the garnets. It is characterised by high 
'IgO and substantial amounts of TiO-. and 
10, (Table IVA). Following Leake (1978), 
amphibole can he classified a.s pargasire. 
inel 
In the rocks of this study, spinet only appears 
it scarce secondary phase. The composition of 
chromian spinel in the garnet websterite II 
is given in table 6B. It is situated within the 
k grained clinopyroxene- orthopyroxene fabric 
pining the radially aggregated kelyphitic rims 
and pyrope -rich garnets. 
)?aque phases occur only in 850 and are 
\ig0 -rich ilmenites (cf. Scharbert, 1979). 
Pis mineral occurs in very restricted amounts 




7:0., 2,42 55.1 
A''C5 16.24 61.8 
'r7C3 C.55 6.14 0.08 
Pe0 6.60 11.4 59,6 
7100 0.05 - 0.55 
ryEo te.00 19.9 5.21 
74,0 10.81 - 
8a70 3.42 
1.70 7.14 
75781 35.17 99.64 10L.75 
51 1,7e. r4A17 '6.' Mr71 16.' 
M1f i.a` Pe^.r7 6., Pe7'. P0.3 
1 aK`,1 PS!) C.s 
..44 =e, -.. '1 C.' 
TARIE VI. - A : Chemical composition of amphibole 
(850) : B: spine! (844) : C: ilmenite (850) in gar- 
net 4i-ehsterites 11. 
A : composition chimique de l'amphibole (850) : 
B: spinelle (844) : C: ilménite (850) dans les 
7rehsterltes ei grenat 11. 
nopyroxenites. Individual grains occur preferen- 
tially in the neighbourhood of garnet. Their An- 
content varies from 33 to 71 mot. -4íf (Kappel, 
1967, p. 272i. a feature confirmed by the pre- 
sent study. 
COtiDITIONS OF RECRYSTALLISATiOti 
First of all we should stress that no primary 
mineral phases onginating from any high pres- 
sure crystallisation of possible basaltic melts can 
be observed. Therefore. we are for the most part 
limited to an attempt to deduce the conditions of 
the recrystallisation of the present assemblages 
in these rocks, which clearly demonstrate meta- 
morphic textures. 
Recently, Carswell and Gibb (1980) empha- 
sised that the - mantle- derived garnet lherzolites 
in Norwegian and Alpine high grade metamor- 
phic gneiss terrains equilibrated after, rather 
than before, their tectonic emplacement. By ap- 
plying new geothermometric methods, they de- 
duced lower recrystallisation temperatures (734 
893 °C) than previously thought. The necessary 
high pressures (> 20 kbar) required to stabilise 
such assemblages in the lower continental crust 
were considered to be a consequence of transient 
subduction (Krogh, 1977 ; Cuthbert et al., 
1981). 
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The idea of a "subfluence" was recently put 
forward by Behr (1978) in connection with the 
development of high pressure granulites in Cen- 
tral Europe. In the Bohemian Massif. Behr 
(1978) recognised eight granulite belts with 
garnet -bearing ultramafic rocks. These belts de- 
limit major shear zones which extend down to 
the deeper crust. along which subfluence proces- 
ses have taken place. These subfluence zones 
are characterised by nappes, thrust structures. 
blastomylonitic horizons. etc. By means of ac- 
cess of water, the granulites have been permitted 
to ascend into the higher crust along these zo- 
nes. 
Rocks of close association in the present 
context are found in the Moldanuhian complex 
of the Bohemian Massif of NW-Bohemia and 
have been described by Fiala (1966) and Ko- 
pecky and Sattran (1966). Carswell (1974) pre- 
viously calculated 1 000 -1 100 °C and 33- 
34 kbar for the equilibration conditions of these 
Barnet lherzolites, values which are now consi- 
dered to be doubtful, if compared with those for 
the Alpine and Norwegian occurrences (Cars- 
well and Gibb, 1980, p. 21). In the Austrian 
part of the Moldanubiar, Zone of the Bohemian 
Massif, detailed studies of garnet lherzolites 
have not yet been undertaken. Therefore. we are 
limited in the calculation of pressure - 
temperature estimates to only those rocks consi- 
dered in this paper. 
Pyroxene solubility relationships. KF Mg (i.e. 
KD) partitioning. and the generally high AI 
contents of the pyroxenes seem to point to relati- 
vely high temperature/moderate pressure equili- 
bration conditions. Actual P -T values calculated 
for the Lower Austrian garnet- clinopyroxene 
samples (Table VII), are, however, very varia- 
ble, probably in part reflecting disequilibrium 
between individual mineral analyses used for the 
calculations. 
In particular, P estimates obtained from the 
Wood (1974) garnet orthopyroxene geobarome- 
ter are very variable (some samples even yielded 
negative values) and use of Herzberg's (1978) 
equation (3) which considers the Ca- tschermaks 
contents of clinopyroxenes gives even more in- 
consistent results. Clearly, certain of the indivi- 
dual P estimates are unrealistically low, but 
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TABLE VII. - Temperature -pressure estimates on 
garnet websterites I and II and on garnet clinopvro- 
xenites. For the latter, a pressure of 10 kbar was 
assumed for the calculation. 
Estimations de la température el de la pression 
pour les websterites à grenat I et Il et pour les 
clinopvroxénites à grenat. Pour ces dernières. une 
pression de 10 kbar a été adoptée pour le calcul. 
Best temperature estimations are considered to 
be those based on the calibrations given by Ellis 
and Green (1979) and Wells (1977, 1979). In 
table VII, the results of these calculations are 
summarised, together with P results according to 
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Wood (1974). for the garnet websterites I and 
II. For the garnet clinopyroxenites, lacking or- 
thopyroxene. pressures of 10 kbar have been as- 
sumed for calculation of the Ellis and Green 
( 1979) and Wells (1979) temperatures. 
The majority of the Wells (1977) two pyro- 
xene solvus temperatures are in the 850 -950 °C 
range and are probably meaningful. The mean 
value of the Wells/Wood pairings are 907 °C 
and 10.8 khar. 
Fe -Mg partitioning between garnet and clino- 
pyroxene is strongly temperature dependent (Ra- 
heim and Green. 1974 ; Ellis and Green. 1979) 
and it is clear from table VU that the Kt, values 
increase from cores to rims reflecting consistent - 
ly hither Fe'Mg ratios in garnet rims compared 
to cores. This zoning sense is clearly retrograde. 
i.e. reflects decreasing temperatures. For the 
garnet clinopyroxenites, with an assumed pres- 
sure of 10 kbar. the mean temperature for grain 
core pairs is 1 042 °C according to Ellis and 
Green (1979) and 1 016 'C according to Wells 
(1979). The lower temperature values for the 
calculations involving garnet rims are 921 'C 
and 956 °C respectively For garnet websterites 
I and II. taken together. the combination of the 
Ellis and Green (1979 ) Kr, thermometer and the 
Wood (1974) barometer yields mean values for 
grain cores of 988 `'C and 14.0 khar and for 
grain nms of 787 ''C and 5.9 khar. 
The zoning pattern. if any. is the same in all 
three Irtholottca) groups. and this is combined 
with the broadly similar calculated equilibration 
temperatures. This strongly suggests. that all 
three groups of rocks considered in this paper 
have had a similar metamorphic evolutionary 
history. 
The KD values listed in table VII have been 
calculated on the assumption that all Fe in both 
garnets and clinopyroxenes is present as Fee+ 
(cf. tables 3 and 4). Stoichiometric considera- 
tions indicate that this is unlikely, especially in 
the clinopyroxenes, which in all probability 
have higher Fe3'i(Fe3+ + Fel +) ratios than the 
co- existing garnets. Hence it is likely that these 
KD values are in fact minimum values and that 
accordingly, the derived temperatures are maxi- 
mum estimates. 
With this in mind, it seems reasonable to 
conclude that the garnet -clinopyroxene grain rim 
assemblages in the rocks considered in this pa- 
per may well have equilibrated under the same 
P -T conditions as those indicated by the mini- 
mum values of P = 11 kbar and T = 760 °C, 
previously deduced by Scharhert and Kurat 
( 1974) and recently endorsed by Newton 
(written communication, 1982 ; T > 770 °C, 
P > 9.4 kbar) for the dominant granulite facies 
rocks of the Moldanubian Zone of the Bohemian 
massif. 
The KD zoning profiles and the pyroxene 
cxsolution textures clearly indicate that these 
garnet -clinopyroxene rocks have cooled from an 
earlier temperature maximum. This begs further 
questions such as whether these earlier high 
temperatures reflect original igneous crystallisa- 
tion temperatures of these rocks on intrusion 
into a lower crustal granulite complex or into 
upper mantle peridotitic rocks, or simply reflect 
previously higher ambient P -T conditions affect - 
ing these rocks either in the lower crust or in the 
upper mantle prior to tectonic emplacement. 
Full answers to such questions must await fur- 
ther studies of the structural. geochemical and 
geochronological relationships between the 
garnet- clinopyroxene rocks, the garnetiferous 
peridotites and the encompassing. granulite fa- 
cies rocks (including the garnet pyriclasites) and 
a comparison of the P -T evolutionary paths fol- 
lowed by these various rocks. 
In the meantime. if one considers the process 
of unmixing of the pyroxenes and the crystalli- 
sation of the garnet rims as one common stage 
in the metamorphic history of the garnet - 
clinopyroxene rocks then it is worth considering 
whether it might be permissible to combine the 
carnet cores and theoretical 'reconstituted' cli- 
nopyroxenes to characterise an earlier stage in 
that history. Table VIII gives the theoretical va- 
lues of such clinopyroxenes calculated from the 
clinopyroxene and orthopyroxene analyses in 
samples of garnet websterites 1. They have been 
recalculated on the basis of a ratio of clinopyro- 
xene:orthopyroxene of 5:1 and the pyroxene re- 
lationships are presented graphically in the pyro- 
xene quadrilateral (Figure 5). 
The mean KD value of 2.21 for the garnet 
core -'reconstituted' clinopyroxene assemblages 
yields a temperature value of 1 129 °C (at an 
assumed pressure of 20 kbar) using the Ellis and 
Green (1979) calibration. This is 140 `C higher 
than the mean temperature estimate for the pre- 
sent garnet and clinopyroxene grain core assem- 
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108e 6:0 619 1096 627a 666 
5102 51,6 52,1 51,0 52.2 52.6 51,5 
Tt02 0,11 f.16 0.1 0,26 0,21 0,2 
A:201 4.4 4.0 5.0 3.7 5.6 5,1 
C9201 0.09 0,66 0.26 0,16 0.06 0,15 
Feo 3.2 3.51 4.7 1,79 5.0 7.9 
MnO 0.12 0.06 0,11 0.04 0,05 5,09 
1 7490 20.4 20.6 17,6 21,2 16.9 19.7 
ow 16.6 19.6 17.6 19,0 17,6 19.7 
5:20 0.65 0.66 1.0 0,75 1.0 0,61 
Ca 17,6 38.3 17.2 17.2 26.5 79,1 
Mg 57.3 54.1 56.6 -.7 51.2 56,6 
Fe 5.1 5.6 5.: 5.1 6.2 6.1 
7c,é G.1 ..6 77,2 17,6 6',9 
T VIII. - Theoretical cumpusitiun of -reconsti- 
tuted' c'hnop ru.tenes. 




FIG. 5. - Pvroxene quadrilateral. Open circles : Gar- 
net websterites I : closed circles : garnet websterites 
Il : mangles : pyriclasite (unpubl.) ; open square : 
acid pymxene granulite : closed squares : "recons- 
tituted" chnopyroxenes : large open circle ipartly 
overlapped) : clrnopymxene (whole rock) plot of 
857. 
Quadrilatere des pyro.tenes. Cercles ouverts : 
websterites à grenat I : cercles pleins : websterites à 
grenat II ; triangles : pvriclasites (non publiees) ; 
carré ouvert : granulite acide à pyrnxene : carres 
fermés . chnopymxenes "reconstitués" : grand cer- 
cle ouvert (partiellement recouvert) : clinopyroxene 
troche totale) position de 857. 
blages in these garnet websterites. However, 
there is no certainty that the 'reconstituted' cli- 
nopyroxene compositions are valid and hence 
that the deduced temperature estimates are mea- 
ningful. especially as there is no proof that such 
higher temperature clinopyroxenes in fact co- 
existed with garnet. Moreover. the occasional 
petrographic evidence of garnet exsolution from 
clinopyroxene in these rocks and the experimen- 
tal evidence (Dempsey and Scharben. 1981) that 
at pressures of 20-30 khar and temperatures of 
1 300- 1 500 °C melts of these garnet - 
clinopyroxene rocks may have crystallised enti- 
rely to highly aluminous proxenes. suggest that 
the higher temperature clinoproxenes would 
have been significantly more alurn.inous than in- 
dicated in table VIII. :\ further indication that 
the earls higher temperature clinopyroxenes may 
not have coexisted with garnet is provided by 
the clinopyroxenite sample 857 (Table IV.D) 
which lacks garnet and contains an apparently 
relict higher temperature sub -calcic clinopyro- 
xene whose composition overlaps that of the 're- 
constituted' clinopyroxenes in figure 5.. 
On current mineralogical evidence. we clearly 
cannot determine with am degree of certainty 
wst at what temperatures and pressures (and 
hence depths) the 'pnmarr' assemblages of the 
garnet- clinopymxene rocks onginally crystallis- 
ed. However. in view of their chemical charac- 
ter and their distinctive field association with 
maenesian peridotite bodies. we favour the view 
that these rocks may well represent the trapped 
products of primitive basaltic partial melts 
which initially crystallised at high pressures and 
temperatures within the uppermost mantle but 
were subsequently extensively recrystallised 
during their tectonic Intercalation into the lower 
continental crust. 
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Eclogite facies metamorphism in the lower continental crust 
D.A. Carswell & S.J. Cuthbert 
SUMMARY: Occurrences of medium -temperature eclogite -facies assemblages in the 
Norwegian Caledonides, Western Alps and Central European Variscides are reviewed with 
reference to a generalized tectono -thermal model for their stabilization in continental plate 
collision zones involving A -type subduction. It is demonstrated that the respective pressure - 
temperature -time paths for lower continental crust and uppermost mantle during such 
orogenesis contrast with that for upper crust, and that mineralogical features, such as 
chemical zoning in garnets, may monitor the tectonic location and thermal evolution of 
different crustal levels in the resultant thrust -nappe stack. Phanerozoic orogenic belts of this 
type typically show evidence of the generation of early eclogite -facies assemblages subjected to 
partial greenschist- or amphibolite -facies overprint some 40-60 Ma later. The survival and 
ultimate surface exposure of the high- pressure assemblages requires that their exhumation is 
rapid (mean uplift rate around I mm year) relative to the rate of thermal relaxation in the 
tectonically thickened continental crust. 
Introduction 
The minimum lithostatic pressures required for 
the stability of eclogite- facies rocks (Fig. () are 
best experimentally defined for quartz- normative 
metabasaltic rocks, with the plagioclase free 
essentially bimineralic assemblages of pyralspite 
garnet + omphacitic clinopyroxene diagnostic of 
eclogites (sensu stricto), and for garnetiferous 
meta -peridotites. Whilst a detailed discussion of 
the definition of this metamorphic facies is per- 
haps not appropriate here, it is pertinent to note 
that in some felsic rocks albitic plagioclase may 
still be stable relative to jadeite +quartz (Fig. 1) 
under eclogite- facies PLOAD -T conditions where 
omphacitic pyroxene and grossular bearing 
garnet are stable relative to plagioclase in meta - 
basaltic rocks. Accordingly mineral assemblages 
of quartz + K feldspar + plagioclase +garnet + 
orthopyroxene ± clinopyroxene ± kyanite in 
quartzo -feldspathic gneisses customarily desig- 
nated as high -P granulites may in fact be cofacial 
with eclogites, as also may be garnet +phengite 
+ quartz ± kyanite ± zoisite in metapelites and 
jadeite + garnet + zoisite+K feldspar +quartz in 
metagranitoids (Compagnoni 1977; Heinrich 
1982). 
Eclogites are known to have formed in a variety 
of geological environments, which are reflected in 
their varying modes of occurrence and mineral 
chemistry (Eskola 1921; Coleman et al. 1965; 
Smulikowski 1960,1964,1968; and Banno 1970). 
In this contribution we are primarily concerned 
with those found as layers or lenses in terrains of 
dominant amphibolite- or granulite- facies conti- 
nental crust (broadly forming `Group B' of 
Coleman et al. 1965, and the `Common Eclogites' 
of Smulikowski 1968). Mineral thermometers 
such as that based on K 
Fe- - 
G+ -CpxMg- partition 
coefficients, indicate that these eclogites have 
generally equilibrated at temperatures between 
500 -900`C (e.g. Carswell et al. 1985; Griffin et al. 
1985) higher than those deduced for eclogites in 
(e.g. Brown & Brad- 
shaw 1979) and lower than those for mantle 
derived xenoliths in alkalic eruptive rocks (e.g. 
Carswell et al. 1981). We consider it appropriate 
to refer to such rocks as `medium -T eclogites'. 
If Ringwood's (1975) linear (dP /dT =20 bar/ 
°C) extrapolation of the high -T experimental 
reaction boundary for plagioclase elimination in 
a quartz tholeiite composition (Fig. 1) is valid, 
then eclogite should be stable towards the base of 
continental crust of average 35 km thickness at 
temperatures less than about 600:C. Such lower 
crustal thermal conditions are to be expected in 
stable continental regions with observed surface 
heat flows <65 mW m -2 (Chapman, this 
volume). On the other hand, petrological studies 
of exposed lower crust gneiss terrains and of 
lower crustal derived xenolith suites, as well as 
deep seismic investigations, are generally taken to 
indicate (as exemplified by several other papers in 
this volume) that granulite -facies assemblages are 
dominant in the lower continental crust. In 
tectonically inactive regions, such lower crustal 
granulites, most likely to have formed in response 
to an enhanced thermal flux during some pre- 
vious tectono -thermal event, may customarily be 
preserved metastably under PLOAD-T conditions 
corresponding to the eclogite facies. During 
establishment of the expected ambient thermal 
conditions, transformation of lower continental 
crust rocks to eclogite - facies assemblages along a 
cooling path under stress -free conditions may 
well be effectively blocked for kinetic reasons. 
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FIG 1. Pressure (depth) -temperature diagram showing the stability fields for low, medium and high temperature 
eclogite- facies assemblages relative to the following experimentally determined reaction equilibria: Garnet -in (1) 
and plagioclase -out (2) reaction curves and extrapolations in quartz tholeiite compositions (Green & Ringwood 
1967a; Ringwood 1975). Calculated reaction curve (3) for 3 anorthite +3 ferrosilite =grossular+ 2 
almandine +3 quartz from Bohlen et al. (1983); 3 anorthite = grossular +2 kyanite +quartz: Goldsmith (1980); 
albite =jadeite + quartz: Holland (1980). Estimated stability curve for 40% jadeite +quartz: Kushiro (1969); 
nepheline+ albite = 2 jadeite: Robertson et al. (1957). Univariant reaction curve (4) for spinet lherzolite 
garnet lherzolite reaction in natural garnet peridotite composition: O'Hara (1975). Curve (5) for the same 
reaction in more magnesian compositions: O'Hara et al. (1971). Reaction curve (6) for 
pyroxenes +spinel=gamet + olivine in the CMAS system: MacGregor (1970). Quartz coesite: Mirwald & 
Massonne (1980); graphite diamond: Berman (1979). Stability fields for alumino-silicates (K- Kyanite; S- 
sillimanite; A- andalusite: Holdaway (1971). Solidus for quartz tholeiite composition (Green & Ringwood 
1967a). Dry pyrolite (periodotite) solidus (Green & Ringwood, 1967b). The low pressure boundary conditions 
for the eclogite- facies are best defined by the reaction curves for spinet lherzolite ± garnet lherzolite and for 
plagioclase disappearance in quartz tholeiite basalt compositions. 
Eclogite facies metamorphism in the louer continental crust 
Current exposure of medium -T eclogites within 
continental crust bears witness to special tectonic 
processes responsible both for their stabilization 
and their survival during transport to the surface. 
In this review we highlight certain features com- 
mon to occurrences of medium -T eclogites and 
cofacial rocks in the Norwegian Caledonides, the 
western Alps and the Central European Varis- 
cides. We attempt to deduce their formation 
within the framework of a generalized model for 
the tectono -thermal behaviour of continental 
collision zones. 
A tectono -thermal model for eclogite 
formation in continental crust 
Here we examine the general thermal and meta- 
morphic consequences of crustal thickening ih a 
collision zone involving two continental lithos - 
pheric plates. A simplistic model showing under - 
thrusting (A -type subduction; Hodges et al. 1982) 
of one continental plate beneath the other and 
detachment around the Moho in the overthrust 
plate is illustrated in Fig. 2. In reality an intensely 
imbricated thrust -nappe stack is likely to evolve 
in response to prolonged crustal shortening (com- 
pression) but the contrasted thermal effects and 
resultant metamorphic responses in the lower and 
upper plates can be expected to persist. In the 
upper plate overthrusting (nappe translation) will 
bring deep level warmer rocks over cooler rocks, 
whereas in the lower plate progressive under - 
thrusting (with thrusts stepping down with time) 
will place original high level colder rocks beneath 
warmer rocks. The main thermal contrast is still, 
however, likely to be across the principal plate 
suture. 
Tectonic processes can be expected to operate 
rapidly compared with the rate at which thermal 
surfaces re- equilibrate by thermal conduction 
after disturbance, as emphasized by thermal 
model calculations (Oxburgh & Turcotte 1974; 
England & Thompson 1984). Thus the perturbed 
P -T (depth) profile (Fig. 2 c-d) resulting from the 
tectonic thickening of continental crust will only 
gradually decay over a time scale of at least some 
tens of millions of years. The actual P -T -t (time) 
paths followed by the rocks will in fact depend on 
the balance between the rates of resultant thermal 
relaxation and of surface erosion (exhumation). 
Whilst the metamorphic temperatures (Tm x) 
attained are likely to be largely governed by 
thermal relaxation towards a steady state geoth- 
erm for thickened crust, the maximum pressures 
recorded by the rocks will be critically dependent 
upon the erosion rate (England & Thompson 
1984). 
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The predicted forms of the P -T -t paths for 
original cool upper crustal rocks in the upper part 
of the underthrust plate and for warmer lower 
crustal rocks sited in the lower part of the 
overthrust plate are illustrated in Figs 2e and 2f, 
respectively. In the former case, the rocks may be 
expected to enter the eclogite -facies stability field 
along a prograde (heating) path. whilst in the 
second case eclogite -facies assemblages may be 
stabilized along a cooling path. Similarly, any 
cool oceanic crustal rocks (ophiolites) caught up 
in the suture zone may be expected to follow a 
prograde metamorphic path subsequent to colli- 
sion, whereas any tectonically intercalated sub- 
continental upper mantle rocks would follow 
cooling paths. This may help to discriminate 
between the suggested alternative origins of meta - 
peridotite bodies in such orogenic belts. Con- 
trasted P -T -t paths for the metamorphic evolu- 
tion of three possible eclogite -facies samples 
generated in a continental plate collision zone are 
illustrated in Fig. 3, with reference to a time 
sequence (a -e) of lithospheric cross -sections. 
We now proceed to review the tectonic setting 
and interpretation of various European occur- 
rences of medium -T eclogites in the light of this 
generalized model. In particular we examine 
evidence which might indicate that different rocks 
have indeed generated their eclogite -facies assem- 
blages along contrasted P -T -t paths, depending 
on their pre- and post- collision locations in an 
evolving plate collision zone. In this connection, a 
consideration of chemical zoning profiles in 
minerals, notably garnets, is especially important 
(Spear et al. 1984). 
High -P metamorphism in the Western 
Gneiss region, Norwegian 
Caledonides 
Medium -T eclogites occur sporadically over a 
substantial tract of the Scandinavian Caledonides 
(see Fig. 1 in Bryhni et al. 1977) but are particu- 
larly in evidence in the Western (also called Basal) 
Gneiss Region of southern Norway. Here meta - 
basic eclogite lenses are widely preserved within 
dominantly amphibolite -facies quartzo- felds- 
pathic gneisses whilst cofacial garnet lherzolite 
and garnet websterite assemblages and more 
rarely also eclogites (sensu stricto) occur within 
'alpine type' peridotite bodies. This region repre- 
sents a deeply eroded core zone of the Scandina- 
vian Caledonides which structurally underlies a 
thick pile of Caledonian nappes which now 
outcrop mostly to the east and south (see, for 
example, Roberts et al. 1981, and Figs. 1 & 2 in 
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Flu. 2. Tectono -thermal model for the generation of eclogite -facies assemblages in continental crust. (a) A -type 
subduction as a result of collision between two continental plates. (b) Evolution of thrust -nappe stack in 
tectonically thickened continental crust. (c) Assumed pre -collisional (time= to) 'steady state' continental 
geotherm of 80 m W/m2 (Chapman, this volume), appropriate for a partially cooled previous extensional 
regime with granulite -facies assemblages dominant in the lower continental crust. (d) Perturbed geotherm at ti 
immediately following collision and overthrusting of continental crust slab with assumed detachment at the 
Moho. Thermal relaxation over some tens of millions of years would eventually lead to a new 'steady state' 
geotherm at to appropriate for the thickened continental crust. (e) Prograde metamorphic path in P -T space 
leading to the stabilization of eclogite -facies assemblages in original upper crustal rocks (B) of the 
underthrusting plate. Note that Pmax is reached before Tm,x and the initial, near isothermal, decompression 
during exhumation. (f) P -T -t path leading to possible generation on cooling of eclogite -facies assemblages from 
original granulite -facies lower crustal rocks (A) near the sole of the overthrust slab. An initial (perhaps 
exaggerated) pressure increase due to thrust -nappe stacking in the overthrust slab is assumed but is not critical 
to the model. Any tectonically intercalated slices of sub -continental mantle peridotite may be expected to 
follow a similar path. 
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K -Ar, Rb -Sr, U -Pb and Sm -Nd mineral ages 
for various lithologies (including eclogites) 
mostly fall between 380-450 Ma (e.g. Krogh et al. 
1973; Gebauer et al. 1982; Griffin & Brueckner 
1980, 1982; Mearns & Lappin 1982) and confirm 
the profound influence of the Caledonian oro- 
geny on the rocks of this region. Field differentia - 
tion between reworked Precambrian basement 
and metamorphosed Late Precambrian ('Eocam- 
brian') -Lower Palaeozoic cover rocks has proved 
extremely difficult (Bryhni 1966; Bryhni & Grim - 
stad 1970; Carswell 1973; Strand 1960) but it 
seems that the Western Gneiss Region comprises 
an interfolded and intensely imbricated sequence 
of both autochthonous and allochthonous cover 
rocks and pre -Caledonian basement. This is 
corroborated by recent work in the east of the 
region (Krill 1985). 
Rb -Sr whole rock isochrons and U -Pb zircon 
'upper' concordia intersection ages as well as 
geochemical features (Harvey 1983: Krill 1983: 
Lappin et al. 1979) indicate that substantial 
volumes of acid -intermediate gneisses within this 
region represent recrystallized mid -Proterozoic 
igneous rocks. These and possible genetically 
related. spatially associated rocks such as anorth- 
osites, titaniferous gabbros- norites and perido- 
tites (Carswell et al. 1983; Harvey 1983) appear to 
have been intruded into the lower continental 
crust at around 1500 Ma. 
High -P /medium -T eclogite facies assemblages 
are best preserved in the western coastal parts of 
the region and are generally more thoroughly 
retrogressed further east. Such high -P relicts are 
most conspicuously preserved in rocks of basic or 
ultrabasic composition (eclogites and garnetifer- 
ous peridotites, respectively) which are typically 
mantled by shells of later amphibolite. For the 
most part the dominant acid -intermediate 
gneisses have biotite and hornblende- bearing 
amphibolite -facies assemblages but locally 
almandine rich garnet and clinopyroxenes are 
preserved in less deformed rocks (Bryhni 1966; 
Carswell & Harvey 1985; Krill 1983: Lappin et al. 
1979) indicating the earlier stability of the high - 
pressure assemblage: perthitic orthoclase+ 
plagioclase + quartz + garnet + clinopyroxene. 
Scarce pelitic rocks frequently contain relict 
garnet and kyanite as well as symplektitic inter - 
growths of biotite and feldspars indicating that 
the high -P mica phengite may have been initially 
stable (cf. Heinrich 1982). 
Whilst most eclogite lenses have sheared and 
amphibolitized margins against the encompass- 
ing gneisses, a few preserve intrusive contact 
relationships (Cuthbert & Carswell 1982; Griffin 
& Carswell 1985) which indicate that they origi- 
nally formed dykes or larger bodies within the 
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plutonic igneous precursors of the quartzo- felds- 
pathic gneisses. Moreover, some of the large 
bodies have retained zones of original igneous 
textured doleritic- gabbroic rocks (Cuthbert & 
Carswell 1982; Gjelsvik 1952; Griffin & Ráheim 
1973; Mork 1982). Indeed it is possible to observe 
all stages of conversion from the original igneous 
protoliths through rocks with coronitic develop- 
ment of the high -P garnet and omphacitic clino- 
pyroxene replacing the original low P mineral 
phases, to thoroughly recrystallized granoblastic 
textured eclogites. 
There is. therefore a growing volume of evi- 
dence which suggests that at least a substantial 
proportion of the exposed Western Gneiss 
Region witnessed the high -P metamorphism re- 
. sponsible for eclogite formation. It appears that 
evidence for this 'early' eclogite -facies metamor- 
phic event is generally only retained in the more 
massive and structurally competent rock masses 
which have escaped the extensive late deforma- 
tion and concurrent recrystallization to amphibo- 
lite -facies assemblages. Recent evidence provided 
by Sm -Nd and U -Pb data (Gebauer et a!: Griffin 
& Brueckner 1980, 1982; Mearns & Lappin 1982) 
indicates a Caledonian (400-450 Ma) age for 
eclogite formation in western Norway. Such 
observations and the recognition of the develop- 
ment of the high -P eclogite -facies assemblages 
from a variety of crustal protoliths contradicts 
certain previous interpretations (O'Hara 1975; 
Lappin & Smith 1978; Smith 1980. 1981, 1982) 
that the Norwegian medium -T eclogites invaria- 
bly represent foreign `bodies' of deep seated, 
mostly mantle, origin tectonically emplaced into 
lower grade continental crust gneisses late in the 
Caledonian orogenic cycle. An ultimate upper 
mantle origin does, however. seem likely from 
general petrological and geochemical consider- 
ations for the forsteritic olivine- bearing 'alpine - 
type' periodite bodies which occasionally retain 
high -P garnet lherzolite, garnet websterite and 
eclogite assemblages (O'Hara & Mercy 1963; 
Carswell & Gibb 1980; Carswell et al. 1983; 
Medaris 1980, 1984). 
Application of mineral thermometers and bar- 
ometers to the high -P (eclogite -facies) metamor- 
phic relicts in the Western Gneiss Region indicate 
(Krogh 1977; Griffin et al. 1985) a regional 
variation in the maximum T -P conditions 
attained, which varies from around 775-C and 
22 kbar in the coastal regions of More and 
Romsdal to around 550'C and 12.5 kbar further 
south in Sunnfjord (Carswell 1981; Carswell & 
Gibb 1980; Carswell etal. 1984; Giffin etal. 1985; 
Krogh 1977, 1980a and b). 
We have previously presented a tectonic model 
relating the features described above to northwes- 
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FIG. 3. Schematic lithospheric cross -sections showing the evolution of three eclogite -facies samples (open circle, 
closed square, triangle) in a continental collision -type orogen. Inset graphs show path of each sample in P -T 
space (compare with examples in text and Figs. 2 and 4). Lower crust is stippled, oceanic crust black. Numbers 
indicate successive major thrusts stepping back into the underthrusting plate. Accretion /obduction of oceanic 
crust (ophiolites) is omitted for clarity. 
terly subduction of the margin of the Baltic 
continental plate beneath the leading edge of the 
Greenland continental plate on closure of Iapetus 
Ocean during the Caledonian orogeny (Cuthbert 
et al. 1983). The expected initial thermal pertur- 
bation of the regional conductive thermal gra- 
dient (Bird et al. 1975; England & Thompson 
1984) associated with envisaged crustal thicken- 
ing to about 80 km would have promoted the 
formation of eclogite -facies assemblages in the 
lower parts of the thickened prism. However, the 
survival of such assemblages and their apparent 
exposure at the surface by the early mid -Devo- 
nian, only some 65 Ma later, necessitates their 
rapid exhumation. Estimates of uplift rates based 
on considerations of isostacy and fluvial /glacial 
erosion alone (England & Richardson 1977; 
Anhert 1971) suggest that the rapid erosional 
exhumation may have been aided by tectonic 
stripping near the surface associated with east- 
wards translation of the allochthonous Caledo- 
nian nappes on to the Baltic foreland. More 
importantly, crustal imbrication in the Baltic 
foreland, leading to further northwestwards 
underthrusting beneath the currently exposed 
Western Gneiss Region is thought to have 
resulted in the exposure of the high pressure 
lithologies above a normal thickness of continen- 
tal crust. 
Whereas in the northwesternmost part of the 
Western Gneiss Region the eclogite -facies 
mineral phases are largely chemically homoge- 
neous (due to the high temperatures of forma- 
tion) further south garnets often display marked 
compositional prograde growth zonation (as 
exemplified in Fig. 5A for an eclogite sample 
from the Dalsfjord area) and may enclose mineral 
inclusions interpreted as relicts of earlier amphi- 
bolite- or blueschist- facies assemblages (e.g. 
Bryhni & Griffin 1971; Krogh 1982). This evi- 
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dence indicates that such rocks have initially 
followed a prograde P -T path (as illustrated in 
Fig. 4) through the blueschist facies into the 
eclogite facies. This was followed by rapid decom- 
pression (reflected in symplektitic development of 
granulite- facies. assemblages) and ultimately, if 
deformation permitted access to aqueous fluids, 
the development of lower -T amphibolite -facies 
assemblages. Such a P -T -t path, characterized by 
heating during compression on the prograde 
segment. is compatible with these rocks having 
originally resided in the lower underthrusting 
continental plate (cf. Fig., 2e and Fig. 4). By 
contrast. as outlined by Carswell et al. (1983) and 
Medaris (1980. 1984), the medium -T eclogite- 
facies assemblages in the alpine -type peridotite 
bodies show evidence, from diffusion controlled 
'retrograde' garnet zoning profiles (e.g. Fig. 5B) 
and rarely preserved exsolution textures, of equi- 
libration (albeit sometimes arrested) in response 
to cooling. Such observations are compatible 
with their emplacement from the upper mantle 
into thickened continental crust on tectonic 
imbrication across the crust -mantle interface dur- 
ing the major continental collision event. 
High -P metamorphism in the Sesia- 
Lanzo zone, Western Alps 
Important information on the tectonic and meta- 
morphic processes affecting lower continental 
crust rocks during the collision between the NW 
European (Penninic) and Austro- alpine (Insu - 
bric) continental plates is recorded in the Sesia- 
Lanzo Zone. the most southeasterly (internal) 
unit of the Western Alps. The Sesia -Lanzo Zone 
is now taken to represent a tectonic slice of the 
Austro- alpine continental crust (Compagnoni et 
al. 1977) which structurally overlies the meta - 
ophiolites and schistes lustrés of the Piemonte 
Zone (presumed relicts of the Jurassic Piemonte 
oceanic crust). The Piemonte Zone (Nappe) has 
in turn been thrust on to the margin of the 
Penninic continental plate, portions of which are 
exposed in the tectonic windows represented by 
the Monte Rosa, Gran Paradiso and Dora Maira 
Massifs as well as the Grand Saint Bernard - 
Briançonnais Nappe further west. 
It would appear that the Austro- alpine, Pie- 
monte and Penninic units of the Western Alps 
have all had a similar metamorphic history during 
the Alpine orogeny, characterized by an early Eo- 
Alpine high -P eclogite -/blueschist- facies event 
and a later (Lepontine) greenschist- facies over- 
print of variable intensity (Compagnoni et al. 
1977; Compagnoni 1977; Caby et al. 1978; Lar- 
deaux et al. 1982; Chopin & Maluski 1980). The 
latter has been reliably dated at 38 -40 Ma but 
there is considerably more doubt over the date of 
the early high -P metamorphism. Compagnoni et 
al. (1977) indicated a 70-90 Ma date but, on the 
basis of the age data provided by Hunziker (1974) 
and Obcrhaensli et al. (1982), Rubie (1984) has 
concluded that the eclogite -/blueschist- facies 
conditions in the Sesia -Lanzo Zone were initiated 
100 -130 Ma ago but may have persisted until 
60 Ma. Caron (1984) has taken the available data 
to indicate that the high -P metamorphic condi- 
tions were attained at different times in the 
different structural units -namely at 1 10-130 Ma 
in the Sesia -Lanzo Zone, 40-70 Ma in the Pie- 
monte schistes lustrés and at 40-50 Ma in some 
Briançonnais units. Chopin & Malaski (1980) 
have dated the early high P event at 60-75 Ma in 
phengites and paragonites from the Gran Par - 
adiso nappe of the Pennine Zone. 
According to Compagnoni et al. (1977) the 
Sesia -Lanzo Zone comprises heterogeneous pre - 
Alpine continental basement rocks which are 
subdivided into two main, lithologically con- 
trasted, tectonic units -the lower Eclogitic 
Micaschist Complex (EMS) and the upper 
Seconda Zona Dioritico-Kin:igitica (II DK). The 
latter comprises mostly amphibolite- and locally 
granulite- facies gneisses (kinzigites) of probable 
mainly Hercynian age, and recrystallization to 
early Alpine high -P assemblages or late greens - 
chist- facies assemblages is restricted to local high 
strain zones. The II DK has close lithological 
similarity to the Ivrea Zone, to the east of the 
Insubric Line (Fault Zone), which appears to 
have been largely unaffected by the Alpine meta- 
morphism and deformation and exposes similar 
gneisses structurally underlain by peridotites. The 
Ivrea Zone is widely taken to represent a tectonic 
slice through the pre -Alpine lower continental 
crust into the upper mantle (Mehnert 1975; 
Rivalenti et al. 1980). 
The lower EMS unit consists of dominant 
micaschists and metabasites which only rarely 
retain high temperature pre -Alpine mineral as- 
semblages as they have suffered near pervasive 
recrystallization to Early Alpine eclogite- /blues- 
chist- facies assemblages. However, in the western 
part of the Sesia -Lanzo Zone these rocks have 
been extensively retrograded to Late Alpine 
greenschist- facies assemblages (Gneiss Minuti 
Complex). A further important feature of the 
EMS unit is the occurrence of Permian granitoid 
bodies (such as at Mt. Mucrone) in which the 
original sodic plagioclase has been replaced by 
intergrowths of jadeite and zoisite and the biotite 
by phengite and garnet in response to the Early 
Alpine high -P metamorphism (Compagnoni 
1977; Oberhaensli et al. 1982). 












FIG. 4. Pressure (depth) -temperature diagram illustrating contrasted P -T -t paths for the generation and 
exhumation of eclogite -facies assemblages in protoliths from different structural levels in continental collision 
zones as follows: (1) along a prograde (heating) P -T -t path for Sunnfjord Dalsfjord, west Norway [ES] from 
original upper -middle crustal rocks [UC] in underthrusting lower plate. (2) along a prograde path for the More 
district, west Norway [EM] from a deep crustal level [LC] in underthrusting lower plate. (3) along a cooling 
path for tectonically intercalated sub -continental mantle peridotite slices [MP] in the More district, west 
Norway. (4) formation by re- equilibration at lower temperature of original lower crustal granulites - 
amphibolites [GR] in overthrusting slab for the Sesia -Lanzo Zone [ESLZ]. western Alps. 
The P -T -t path for the Sesia -Lanzo Zone rocks is based on data provided by Lardeaux et al. (1982) with [B] 
and [G] representing indicated conditions for formation of retrograde blueschist- and greenschist -facies 
assemblages, respectively. However, note that as discussed in the text and also indicated in Carswell et al. 
(1982), the cooling paths (heavy dashed lines) leading to stabilization of medium -T eclogite -facies assemblages 
from lower crustal [GR] and upper mantle [MP] protoliths may well not be as direct as indicated in this 
diagram. 
In all instances the initial uplift path for the high -P assemblages is characterized by rapid, near isothermal, 
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Best estimates of temperatures during the high - 
P metamorphism in the Sesia -Lanzo rocks are 
500 -540 C (Lardeaux et al. 1982) with probable 
pressures of 14-17 kbar -the minimum value 
being constrained by the observed stability of 
effectively pure jadeite +quartz (see Fig. I). By 
contrast, Lardeaux et al. (1982) have indicated 
the P -T conditions for formation of the pre - 
Alpine granulite - facies assemblages to have been 
700 -800 C and 8 -11 kbar. 
A P -T -t path for the Sesia -Lanzo Zone rocks 
(Fig. 4) based on these observations might, on 
first consideration, be taken to be compatible (cf. 
Fig. 2f) with eclogite formation during Alpine 
upthrusting and cooling of granulite - facies lower 
continental crust. However, although the tectonic 
location within the Alpine belt appears correct. 
various geological. mineralogical and geochrono- 
logical observations (Compagnoni et al. 1977; 
Lardeaux et al. 1982; Zingg 1983; Kruhl 1984) 
indicate that the Sesia -Lanzo Zone rocks (like 
those of the Ivrea and Strona -Ceneri Zones to the 
east) were already at a fairly high crustal level 
prior to the Alpine orogeny. Controversy persists 
over the age of the granulite -facies metamor- 
phism. although Zingg (1983) favours the inter- 
pretation that it was Caledonian. However, these 
continental crust segments are considered to have 
remained at depth until the Variscan orogeny, 
which caused limited amphibolite- to greenschist- 
facies retrogression (Lardeaux et al. 1982; Kruhl 
1984). but to have been uplifted and cooled to 
c. 300:C by c. 180 Ma on the basis of K -Ar mica 
ages (Zingg 1983). Chemical zoning profiles in 
garnets from Sesia -Lanzo Zone rocks are unfor- 
tunately rather variable and complex (Desmons 
& Ghent 1977) but suggestive of different epi- 
sodes of garnet growth and diffusive re- equilib- 
ration. 
High -P metamorphism in the 
European Variscan fold belt 
Sparse relicts of high -P metamorphic assem- 
blages (mostly medium -T eclogites or high -P 
granulites) are widely distributed in several base- 
ment massifs (Bohemian, Polish Sudetan, 
Vosges -Schwarzwald, Massif Central, S. Armori- 
can. N.W. Iberian) of the Variscan fold belt of 
western and central Europe (e.g. Dudek & 
Fediukova 1974; Kappel 1967; Matthes 1978; Pin 
& Vielzeuf 1983; Smulikowski & Bakum -Czu- 
barow 1973). Interpretation of the tectonometa- 
morphic evolution of these particular high -P 
rocks is clouded by general uncertainty over the 
geochronology of the seemingly complex 
sequence of Caledonian to Hercynian orogenic 
events which appears to have been involved in the 
Palaeozoic consolidation of median Europe 
(Ziegler 1984)- compounded by the limited, and 
spatially separated, nature of the exposure. 
Early ideas (e.g. Zoubek 1969) of a Precam- 
brian age for these high -P assemblages have been 
disproved by more recent Rb -Sr and U -Pb dating 
(Gebauer & Grünenfelder 1979; van Breemen et 
al. 1982; Vidal et al. 1980) which indicate that 
they have formed from protoliths of both Proter- 
ozoic and Early Palaeozoic age. However. major 
divergences of opinion remain over the actual age 
of the high -P assemblages. Pin & Vielzeuf (1983). 
in their review, support a Caledonian age (400- 
450 Ma) for their formation throughout Variscan 
median Europe, a view supported by the radio- 
metric age determination of Arnold & Scharbert 
(1973) in Lower Austria and Jäger & Watznauer 
(1969) in Saxony. However, much younger Her - 
cynian ages of 345 ±5 Ma and 320 ±36 Ma, re- 
spectively, have been indicated by van Breeman et 
al. (1982) in the Moldanubian Zone of the Czech 
part of the Bohemian Massif and by Gebauer et 
al. (1981) in the Massif Central. On the other 
hand, an intermediate 380 ±11 Ma (Acadian - 
Ligerian) age has been demonstrated by Gebauer 
& Grünenfelder (1979) for eclogites in the 
Munchberg Massif of the northern Saxo -Thur- 
ingian Zone of the Bohemian Massif. Acadian 
ages have also been deduced for eclogites in the 
W. Iberian Massif of Western Galicia (Van Cal - 
steren et al. 1979) and for blueschists on the Ile de 
Groix, S. Armorican Massif (Peucat & Cogné 
1977). This situation is not fully resolved and the 
possibility must be considered that the develop- 
ment of the medium -T eclogite /high -P granulite 
association was not synchronous across the cen- 
tral European Variscides. We tentatively favour 
the interpretation put forward by Autran & 
Cogné (1980), Santallier et al. (1978), Matte & 
Burg (1981) and Zeigler (1984) for a dominant 
Acadian- Ligerian (i.e. Eo- Hercynian) age of 
around 380 Ma for the high -P metamorphism, in 
response to collision of the Gondwana- derived 
Intra -Alp, Iberian and Avalon allochthonous 
terrains with the southern margin of the Laura - 
sian craton previously consolidated during the 
Caledonian orogenic cycle (Ziegler 1984). As in 
the Norwegian Caledonides and the Western 
Alps, there is abundant evidence in the Central 
European Variscides for a later (c. 320 Ma) retro- 
grade (lower -P) metamorphic overprint on the 
early high -P assemblages during the now most 
apparent tectono- metamorphic phase of the Her - 
cynian orogeny. 
As emphasized by Pin & Vielzeuf (1983) a 
particular feature of the Variscan fold belt is the 
close spatial association of medium -T eclogites, 


































FIG. 5. Chemical zoning profiles across garnet grains in eclogite -facies rocks. Analyses all performed on the 
Microscan IX electron microprobe at the University of Sheffield. A. Garnet showing prograde growth zoning in 
eclogite from Dalsfjord, west Norway. Mineral inclusion suites are tschermakitic amphibole +zoisite +ilmenite / 
rutile in the core zone, and omphacitic c linopyroxene +rutile±barroisitic amphibole in the rim zones. B. 
Garnet clast showing extensive diffusion controlled 'retrograde' zoning indicative of a prolonged cooling 
history -in porphyroclastic textured garnet peridotite from Ugelvik, Otroy, west Norway. C. Garnet clast 
again showing extensive 'retrograde' zoning in porphyroclastic garnet pyroxenite associated with peridotite 
within the St. Leonhard granulite complex at Reitmuhle, Kamptal, lower Austria. 
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garnet peridotites and garnet websterites with 
quartzo- feldspathic gncisses. The gneisses have a 
dominant high -P granulite facies assemblage of 
quartz- perthitc- plagioclase -garnet -kyanite with 
minor orthopyroxene and /or clinopyroxene in 
scarcer more mafic variants. This association is 
particularly in evidence in the Moldanubian Zone 
of the Bohemian Massif in Southern Czechoslo- 
vakia (Dudek & Fediukova 1974; Misar et al. 
1983). in Lower Austria (Kappel 1967; Scharbert 
& Carswell 1983) and in the Oberfalzwald of N.E. 
Bavaria (Busch 1970; Matthes 1978). 
Scharbert & Kurat (1974) have estimated mini- 
mum P -T conditions for formation of quartz - 
feldspathic granulites in Lower Austria to have 
been I 1 kbar and 760 °C, consistent with forma- 
tion in the lower continental crust. Czech geolo- 
gists (e.g. Vesela 1967) have often favoured 
interpreting the dominant felsic granulites as 
metamorphosed rhyolites and tuffs stratigraphi- 
cally associated with more mafic granulites of 
presumed meta -sedimentary origin. However, 
recently Vrana & Jakes (1982) have described the 
deformation induced transformation of relatively 
pristine unfoliated garnet bearing hypersolvus 
leucogranites into highly flattened and recrystal- 
lized felsic garnet granulites. They view such 
plutonic igneous rocks to have been the products 
of relatively dry (PH,o <2 kbar) anatectic melting 
in the lower continental crust with crystallization 
under granulite -facies conditions at PTO,aI> 7 k- 
bar and T > 800`C. However, van Breeman et al. 
(1982) have interpreted the initial crystallization 
of the lower crustal rocks of the Moldanubian 
Zone to have been largely accomplished during 
the Cadomian orogenic cycle (c. 550 Ma) but the 
actual granulite -facies metamorphism to have 
occurred much later during the Hercynian oro- 
geny at 345 ±5 Ma. 
Spatially associated medium -T eclogites. gar- 
net websterites and garnet peridotites occur 
within the quartzo- feldspathic granulites at 
numerous localities within the Moldanubian 
Zone of the Bohemian massif. These garnetifer- 
ous peridotite bodies and enclosed metabasic 
rocks, taken to represent the partially recrystal- 
lized products of trapped partial melts of olivine 
tholeiite to picrite compositions ( Scharbert & 
Carswell 1983), have been widely interpreted as 
tectonic intercalculations of upper mantle rocks 
(Kappel 1967; Fiala 1966; Scharbert 1973; 
Matthes 1978; Dudek & Fediukova 1974). Such 
rocks invariably show evidence of static recrystal- 
lization to lower pressure granulite -facies assem- 
blages as well as later deformation induced 
retrogression to amphibolite -facies assemblages, 
as also widely observed in the felsic granulites. 
Garnets in the eclogite -facies rocks from Lower 
Austria have conspicuous retrograde chemical 
zoning profiles (see Fig. 5c) and pyroxenes show 
extensive exsolution. Comparable mineralogical 
features are observed in the associated granulites. 
Unfortunately it is currently only possible to 
indicate minimum P -T conditions for formation 
of the quartzo- feldspathic granulites (Scharbert 
& Kurat 1974) and the extensive metamorphic 
retrogression suffered by the basic and ultrabasic 
rocks makes thermobarometry of their relict high 
P assemblages rather hazardous. However, we 
suggest that the lower continental crust and upper 
mantle lithologies were in effective tectonic juxta- 
position early in the metamorphic evolution and 
that their respective high -P /medium -T mineralo- 
gies were in effect both coeval and cofacial. We 
further suggest that the stabilization of these 
high -P assemblages in the Moldanubian Zone 
rocks may have been caused by them having been 
underthrust from the north -west by cooler conti- 
nental lithosphere in the manner illustrated in 
Fig. 3. In addition we speculate that the implied 
earlier high -T assemblages both in the lower crust 
and uppermost mantle have been generated in 
response to an enhanced mantle heat flux during a 
precursive phase of continental lithospheric 
extension. 
Confirmation that the lower continental crust 
rocks of the Moldanubian Zone were subjected to 
P -T conditions appropriate for the stability of 
medium -T eclogites early in the Variscan oroge- 
nic cycle requires further isotopic age data and 
proof that undoubted eclogite -facies assemblages 
were also developed in crustal protoliths. In the 
latter connection it is worth noting the reported 
significant range of eclogite rock compositions 
(Dudek & Fediukova 1974; Matthes 1978) and 
the fact that not all eclogite occurrences are 
directly associated with mantle -derived peridotite 
bodies. However, clearly more field and analyti- 
cal data are required to consolidate the interpre- 
tation of the high -P rocks in the Moldanubian 
Zone of the Bohemian Massif and indeed else- 
where in the Variscides. 
Discussion 
The controversial medium -T eclogite -facies as- 
semblages sporadically preserved in certain 
amphibolite or granulite -facies terrains are consi- 
dered to have been generated largely from conti- 
nental crust protoliths. Mineral -chemical evi- 
dence indicates that their formation requires 
substantial crustal thickening (up to or even in 
excess of 70 km). A likely tectonic scenario for 
this is considered to be the collision of two 
continental lithospheric plates during which the 
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leading edge of one plate undergoes transient 
subduction beneath the other (Fig. 3). Sub- 
sequent further thickening may occur as thrusts 
progressively step 'down' and back into the 
underthrust plate, as outlined by Hodges et al. 
(1 982). 
Continental plate collision would be expected 
to perturb the steady state temperature -depth 
profile and result in the stabilization of eclogite- 
facies assemblages along prograde P -T -t paths in 
the underthrust plate. In addition the lower crust 
of the upper plate may be cooled by being 
brought into contact with underthrust upper 
crust. However, in this instance kinetic barriers 
may limit re- equilibration to eclogite -facies as- 
semblages to high strain zones. Eclogite stabiliza- 
tion would be enhanced by any tectonic thicken- 
ing of the upper plate and may be repeated during 
continued crustal shortening each time a major 
new thrust becomes operational in the under - 
thrusting foreland. 
Mineral features may monitor the origin and 
location of rocks during the tectonic events 
responsible for eclogite stabilization. Garnet zon- 
ing and mineral inclusion suites can show an 
evolution involving increasing T as well as PLoad 
(Fig. 5a) indicating that the rocks probably repre- 
sent previous upper -middle crust (e.g. Sunnfjord, 
western Norway). Alternatively zoning may indi- 
cate cooling (Figs. 5B & C), with or without an 
initial pressure increase, indicative of previous 
lower continental crust (Moldanubian Zone; 
Sesia -Lanzo Zone?) or, in the case of garnetifer- 
ous alpine -type peridotites, tectonically interca- 
lated upper mantle (Moldanubian Zone; western 
Norway). 
The survival and ultimate exposure of medium - 
T eclogites requires that the rate of exhumation is 
fast relative to the rate of thermal relaxation 
following continental underthrusting (England & 
Richardson 1977; Draper & Bone 1980). Thermo - 
barometry on widely developed retrogressive 
symplektites and kelyphites with granulite - facies 
assemblages corroborates this rapid uplift 
hypothesis, showing that initial uplift and decom- 
pression was usually accomplished with little 
change in temperature. Geochronological evi- 
dence for the Caledonides, Alps and Variscides 
whilst still controversial, indicates that eclogite- 
facies assemblages formed early in the evolution 
of each belt and were superimposed upon appre- 
ciably older (Proterozoic or Palaeozoic) crustal 
material. The time interval between the early 
high -P metamorphism and later extensive lower - 
P greenschist- or amphibolite -facies assemblages 
may have been only some 40-60 Ma, indeed our 
best estimate for complete unroofing of the 
eclogite- bearing terrain in Western Norway is 
some 65 Ma. The necessary average erosion rate 
of around 1 mm /year is encouragingly in line with 
estimates of current and recent uplift rates along 
the Indus -Tsangpo suture zone in the Himalaya 
(Zeitler et al. 1982; Melita 1980). 
Buoyant uplift of terrains bearing eclogite- 
facies assemblages may be aided by continued 
underthrusting of crustal wedges below them 
(Fig. 3). allowing eclogites in lower crustal rocks 
to be exposed above a normal thickness of crust. 
Thrusts such as the Main Boundary Thrust of the 
Himalaya may be responsible for such a process. 
Sequential foreland propagation of such thrusts 
(Fig. 3) may produce eclogites of different ages at 
different tectonostratigraphic levels in an orogen 
(as suggested by Caron (1984 ) for the western 
Alps) and may be responsible for the presence of 
high -P metamorphic rocks at several levels in the 
Caledonian allochthon of Scandinavia (Bryhni et 
al. 1977). Tilting of the crust as a consequence of 
underthrusting (Windley 1983) may also aid 
eventual exposure of high -P rocks from deep 
levels in the thrust -nappe stack. 
Competition between thermal and mechanical 
effects can have a significant effect on the resulting 
mineral assemblages. Factors such as the pre- 
vious thermal structure of the crust, the rate of 
plate convergence and the rate of uplift will all 
control the nature of the rocks reaching the 
surface. It is perhaps significant that in the three 
areas reviewed the peak metamorphic and retro- 
gressive mineral assemblages are significantly 
different, probably reflecting different thermal 
regimes. Rubie (1984) has developed a model for 
the Sesia -Lanzo zone in which prolonged subduc- 
tion of oceanic lithosphere beneath the thickened 
crust retarded relaxation of the isotherms and 
produced the unusually low equilibration tem- 
peratures recorded there. Whilst this model may 
significantly overestimate the period of oceanic 
subduction (Tricart, 1984 indicates that ocean 
closure commenced at c. 80 Ma, significantly 
later than Rubie's (1984) estimate of 130- 
100 Ma) it serves to illustrate the blanketing effect 
of thrusting cold material below an evolving 
eclogite -facies terrain. Retardation of uplift may 
result from density increases brought about by 
up- pressure phase transformations (Richardson 
& England 1979); a reduced rate of plate conver- 
gence or even climatic factors affecting erosion 
rates. Such retardation may allow thermal relaxa- 
tion in the thickened crust to obliterate the 
medium -T eclogite -facies assemblages. Thus 
some exposed apparent `lower crustal' granulite 
facies terrains may have originally been at eclo- 
gite -facies, particularly those regions containing 
high P granulites. 
Medium -T eclogites appear to be a particular 
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feature of Phanerozoic continental collision belts, 
although a recent geochronological study of 
comparable eclogites in the Eastern Glenelg 
Lewisian inlier of NW Scotland (Sanders et al. 
1984) has indicated a Late Proterozoic (Gren- 
ville) age. We know of no proven examples of 
Archaean crustal eclogites. This might be indica- 
tive of the fact that only more recently in the 
earth's history has the continental crust been 
sufficiently thick. cool and rigid (cf. Tarling 1980) 
to permit the degree of Type A subduction 
necessary for the stabilization and survival of 
medium -T eclogites. On the other hand, England 
& Bickle (1984) have recently argued that the 
Archaean continental crust was not greatly differ- 
ent in thickness and thermal structure from that 
of the Phanerozoic era. 
The Himalayan collision zone currently lacks 
medium -T eclogites at outcrop, although high -P 
granulites have been found (Windley 1983). Erlo- 
gites might be expected to exist at deeper levels in 
the thrust -nappe stack and their eventual expo- 
sure may be aided by erosion and underthrusting 
along faults such as the Main Boundary Fault. 
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